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ABSTRACT

Physical and elastic properties of NM-size rock core from 27
localities were investigated in order to develop an enginecring classifi-
cation system for intact rock, end also to develcp index properties related
to important physical and engincering charecteristics, Thirteen rock types
are represented, tLaberatory tests were conducted on these rocks as follows:
unil weight, Shore scleroscope hardness, Schmidt hammer hardness, abrasion
hardness, absorption, sonic-velocity stress-strain under cyclic loading
to 5,000 psi, uniaxial stress-strain t» failure, and point-load tensile
strength, A total of 257 specimens with L/D ratios of 2:1 weie tes*cd,
Statistical studies were conducted with the IBM 7094 computer to determine
correlation and regression relationships for selected pairs of variables,

A system of engineering classification is proposed in which rocks are
classified on the basis of their strength and modulus pronerties either
obtained directly from laboratory tests, or approximately from index proper-
ties recommended herein, Application of the proposed engincering classifi-
cation system to data obtained by others is shown by individual charts for
each of several different rock types. Five charts are presented for esti-
mating the strength or modulus properties for intact rock from “he numerical
indices obtained by either the Schmidt hammer, ihe Shore scleroscipe, or

the sonic pulse velocity, all used in conjunction with the unit weight of

the rock.

iii




This page intentionally left blank,

iv



e

CONTENTS
SECTIOH
1. INTRODUCTICH
1., Nature of the Prcblem
2, Objectives of Investigation
3. Scope of Study
2, EXISTING SYSTEMS OF ROCK CLASSIFICATICN
1. GCencral
2, Geological Classification
3. Classification by Physical Character of Rock Materjals
L, Classification by In-Situ Character of Rock Mass
3. HARDNESS OF ROCKS
. G.neral
2, Types of idardnevs and Their Mathods of MHzasurement
3. Toughness and Resilience
L4, Hardness and Other Physical Properties
5. Hardness and Drilling
L, EXPCRIMENTAL STUDIES
1. General
2, Description of Rocks
3. Preparation of Test Specimens
h, Laboratory Tests
5. Test Results
5. DISCUSSION AND INTERPRETATION OF EXPERIMENTAL DATA

.

NN U W N -

General

Statistical Procedures

Physical Properties

Elastic Properties

Relationships Among Various Physical Properties
Relationships Among Physical and Elastic Properties
Comparison of Static and Dynamic Properties

PAGE

Vi V' W\ W N e e

1"
15
15
16
20
25
30
33
33
33
38
L6

- 2RI S S

99
108
122




SECTICH PAGE

6. ENGINSERING CLASSIFICATION AND INDEX PROPERTIES FOR INTALT ROCK 136

1, General 136

2, Proposed Enginecring Classification 136

3. Index Properties 160

L, Unit Wecight as an Index of Strength and Deformation 161

5. Schmidt Hardness as an Index of Strength and Deformation 162

6. Shore Hardness as an Index of Strength and Deformation 171

7. Sonic Veiocity as an Index of Deformation 180

7. SUMMARY AND CONCLUSIONS 185

1. Summary 185

2, Conclusions 186

3. Suggestions for Further Research 189
APPENDIX A, PETROGRAPHIC DESCRIPTICNS AND THIN-SECTION

PHOTOMICRCGRAPHS 191

APPENDIX B, TYPICAL TEST RESULTS 219

APPENDIX C. STATISTICAL METHODS OF ANALYSIS 276

BIBLIOGRAPHY ’ 291

DISTRIBUTION 301

vi




Table No.

2,1
2,2
3.1
L.
L 2
4.3
5.1

5.2

5.3

6.1

LIST OF TABLES

SCALE OF ROCK HARDNESS

CLASSIFICATION OF ROCKS FOR RCCK HICHANICS

MOHS HARDNESS SCALE AND CRYSTAL STRUCTURE

LIST OF ROCK TYPES

SUMMARY OF AVERAGE PHYSICAL PRCPERTIES FOR ROCK
SUMMARY OF AVERAGE ELASTIC PRCPERTIES FOR ROCK

NUMBER OF TESTS AND COEFFICIENTS OF VARIATICN
FOR MEASURED ROCK PROPERTIES

EFFECT OF OVEN-DRYING ON THE DILATATIOHAL WAVE
VELOCITY FOR ROCKS

PERCENT BY WHICH DYNAMIC PRCPERTIES ARE GREATER
THAN STATIC PROPERTIES FOR ROCKS

ENGINEERING CLASSIFICATION FOR INTACT ROCK

vii

Page

11
17
34
71
75

86

93

132
137



{
1

& i e o

AT I ARG s A Y (s

Figure Mo,

3.1
3.2
3.3
3.4
3.5
3.6

41
4,2
4,3
L .4
L5
L.6

h.?
4.8

h,9

L. 10
L.

L,12
4,13

TN

4,15
b6
Loy

Sl RIS B

S 4 4o b TR Y P

LIST OF FIGURES

RELATICHSHERP BETUZEN RELATIVE VALUSS OF LHPACT
TOUGHNESS AND WESAR RESISTANCE FCGR ROCK

RELATIONSHIP BETWEZEN SHORE MARDNESS AnD ADRASION
HARDNESS FOR ROGCK

MODULY OF RESILIENCE OF SCIIE TYPICAL ROCKS TESTED
BY U. S. BUREAU OF MIKEZ

RELATIONSHIP BETWEEN ABRASICN HARDNESS AND ULTIMATE
COMPRESSIVE STPENGTH FOR ROCK IN UNIAXIAL COMPRESSION

RELATIONSHIP BETWEEN SHCRE HARDNESS AND ULTIMATE
COMPRESSIVE STRENGTH FOR ROCK IN UNIAXIAL COMPRESSION

RELATIONSHIP BETWEEN SKORE HARDNESS AND ULTINMATE
COMPRESSIVE STRENGTH FOR ROCK IN UNIAXIAL COHPRESSION

ODRILL PRESS

BLOCK SAMPLE CLAMPED IN POSITION FGR CORE DRILLING
DIAMOND RGCK SAW

CORE SPECIMEN CLAMPED IN SAW CARRIAGE

LAPPING MACHINE

CORE SPECTMEN, CYLINDRICAL CORE HOLDER, CONDITIONING
RING, AND PRESSURE PLATE

SHORE SCLEROSCCPE

LONGITUDINAL SECTION OF THE TYPE L SCHMIDT TEST
HAMMER

SCHMIDT TEST HAMMER BESIDE SPECIMEN CRADLE BLOCK
AND BASE PLATE

ABRASION APPARATUS

SCHEMATIC INTERCONNECTION DIAGRAM FOR SONIC PULSE
VELOCITY MEASURING EQUIPMENT

TYPICAL SONIC PULSE WAVE-FORM DISPLAYS

CQUIPHENT FOR MEASURING SONIC PULSE VELOCITY AND
STATIC STRESS-STRAIN DURING CYCLIC LCADIKG

CORE SPECIMEN IN POSITION FOR MEASURING SONIC PULSE
VELOCITY, STRESS AND STRAIN UNDER UNIAXIAL LOAD

STRAIN READ-OUT
COHPRESSION TEST MACHINE

CORE SPECIMEN IN POSITION FOR COMPRESSION TEST TO
FAILURE

viii

Page

22

23

r2

50

51
53

56
58

61
62

65




Figure Ko,

L,18
L.19
4,20
4,21

5.1
5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

5.10

5.13

TYPICAL COUPRESSIVE FAILURES
SCHEMATIC DIAGRMY FOR POINT-LOAD TENSILE TEST
POINT-LCAD TEHSILE TEST EQUIPKENT

CORE SFLCIIIZH IN POSITIGH FGR PCINT-LCAD TENSILE
TEST

REPRESENTAVIVE STRESS-STRAIN CURVE FCR ROCK IN
UNIAXIAL CCiiPRESSION

TYPICAL STRESS-STRAIN CURVES FOR ROCK IN UNHIAXIAL
COMPRESSION TO FAILURE

RELATIC!SHIP BETWEEN AVERAGE VALUES OF DRY UNIT
WEIGHT AND ULTIMATE CONPRESSIVE STRENGTH FOR ROCK
IN UNIAXIAL CCMPRESSION

RELATIONSHIP BETWEEN AVERAGE VALUES OF SHORE
HARDNESS AND ULTIMATE COMPRESSIVE STRENGTH FOK
ROCK IN UNIAXIAL COMPRESSION

RELATICONSHIP BETWEEN AVERAGE VALUES OF SCHMIDT
HARDNESS AND ULTIMATE COMPRESSIVE STRENGTY FOR
ROCK Il UNTAAIAL COMPRESSION

RELATIOHSHIP BETWEEN AVERAGE VALUES OF ABRASION
HARDNESS AND ULTIMATE COMPRESSIVE STRENGTH FOR
ROCK IN UNIAXIAL COMPRESSICN

RELATIONSHIP BETWE.N ABSORPTION AND AVERAGE VALUES
OF ULTIMATE COMPRESSIVE STRENGTH FOR ROCK IN
UNIAXIAL COMPRESSION

RELATIONSHIP BETWEEN AVERAGE VALUES OF POINT-LOAD
TENSILE STRENGTH AMD ULTIMATE COMPRESSIVE STRENGTH
FOR ROCK IN UNIAXiAL COMPRESSION

RELATIONSHIP BETWEEN AVERAGE VALUES OF SHORE
HARDNESS AND ABRASION HARDNESS FOR ROCK

RELATIONSHIP BETWEEN AVERAGE VALUES OF DRY UNIT
WEIGHT AMD TANGENT MODULUS OF DEFORMATION AT STRESS
LEVEL OF ONE--HALF ULTIMATE STRENGTH FOR ROCK IN
UNIAXIAL COMPRESSION

RELATIONSHIP BETWEEN AVERAGE VALUES OF NLTIdATE
COMPRESSIVE STRENGTH AND INITIAL MODULUS OF
DEFORMATION FOR ROCK IN UNIAXIAL COMPRESSION

RELATIONSHIP BETWEEN AVERAGE VALUES OF ULTIMATE
COMPRESSIVE STRENGTH AND TANGENT MODULUS OF
DEFORMATION AT STRESS LEVEL OF ONE-HALF ULTIMATE
STRENGTH FOR ROCK IN UNIAXIAL COMPRESSION

RELATIONSHIP BETWEEN AVERAGE VALUES OF SHORE
HARDNESS AND TANGENT MODULUS OF DEFORMATION AT
STRESS LEVEL OF ONE-HALF ULTIMATC STRENGTH FOR
ROCK IN UNIAXIAL COMPRESSION

ix

Page

66
68
69

70
91

94

100

102

103

1ok

106

107

109

110

112

114



Figure No, | Pagye

5.14 RELATICHSHIP BETWEEN AVIRSGE VALUES OF SCHINMIDT
‘ HARDNESS AND TANGENT LCLULUS OF DEFORUATICH AT
STRESS LEVEL CF OLZ-WLF ULTINATE STRELGTH FCR
ROCK Tl UNIAXIAL CCITRISSICH 115
5.15 RELATICNSHIP BETVEEN AJSGRPTICN AND AVERABE VALUES
OF TALGENT KODULUS CF DEFCAMATICH AT STRISS LEVIL
OF CLZ-HALF ULTIHATE STREKRGTY FOR ROCK Iit UNIAXIAL

COMPRESSION ‘ 116
5.16 RELATICHSHIP BETWEEN AVERAGE VALUES OF DRY UNIT

WEIGHT AND DILATATICHAL WAVE VELOCITY FOR ROCK

UNCER UNIAXIAL COMPRESSIVE STRESS OF 5,000 psi 118
5.17 RELATICNSHIP BETWEEN AVERAGE VALUES OF INITIAL

MODULUS OF DEFORMATION AND DILATATIONAL WAVE
VELOCITY FOR ROCK UNDER UNIAXIAL CGHPRESSIVE
STRESS OF 100-150 psi 119

5.18 RELATIONSHIP BETWEEN AVERAGE VALUES OF TANGENT
MODULUS OF DEFORMATION AT STRESS LEVEL OF ONE-HALF
ULTIMATE STRENGTH AMND DILATATIONAL WAVE VELOCITY FOR
ROCK UNDER UNIAXIAL CCHPRESSIVE STRESS OF 5,000 psi 120

5.19 VELOCITY-MODULUS VECTORS FOR ROCK UNDER INCREASING
UNIAXIAL COMPRESSIVE STRESS 121

5.20 SONIC STRESS WAVE SUPERIMPOSED UPON A STATICALLY
APPLIED STRESS 125

5.21 THEORETICAL CURVE RELATING CONSTRAINED MODULUS OF
DEFORMATION AND YOUNG'S MODULUS OF ELASTICITY FOR
DIFFERENT VALUES OF POISSON'S RATIO 126

5.22 RELATIONSHIP BETWEEN AVERAGE VALUES OF INITIAL AND
CONSTRAINED MODULI OF DEFORMATION FOR ROCK UNDER
UNIAXIAL COMPRESSIVE STRESS OF 100-150 psi 127

5.23 RELATIONSHIP BETWEEN AVERAGE VALUES OF TANGENT
MODULUS AT STRESS LEVEL OF ONE-HALF ULTIMATE
STRENGTH AND CONSTRAINED MODULUS OF DEFORMATION
FOR ROCK UNDER UNIAXIAL COMPRESSIVE STRESS OF
5,000 psi 128

5.24 RELATIONSHIP BETWEEN AVERAGE VALUES OF CONSTRAINED
MODULI OF DEFORMATION COMPUTED FROM STATIC AND
DYNAMIC MEASUREMENTS FOR ROCK UNDER UNIAXIAL COM-
PRESSIVE STRESS OF 100-150 psi 130

5.25 RELATIONSHIP BETWEEN AVERAGE VALUES OF CONSTRAINED
MODULI OF DEFORMATION COMPUTED FROM STATIC AND
DYNAMIC MEASUREMENTS FOR ROCK UNDER UNIAXIAL COM-
PRESSIVE STRESS UP TO 5,000 psi 131

5.26 RELATIONSHIP BETWEEN AVERAGE VALUES OF DILATATIOHAL
WAVE VELOCITY COMPUTED FROM STATIC AND DYNAMIC
MEASUREMENTS FOR ROCK UNDER UNIAXIAL COMPRESSIVE
STRESS OF 100-150 psi 133




Figure No,

5.27

6.1

6.2
6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.12

6.13

6.14

RELATICHSHIP DETWIEN AVERAGE YALUZS OF DILATATIONA
WAVE VCLOCITY CCIPUTED FRCM STATIC AND DYINIC
MEASURLHENTS FOA nocu UNDER UNIANLLL CCUPRESSIVE
STRESS UP TO 5,000 ps

ENGINEERING CLASSIFICATION FOR IRTACT RCLK =
AVERAGE VALUES FCR 13 ROCK TYPE
(28 Locations)

ENGINEERING CLASSIFICATION FOR INTACT ROCK -
INDIVIDUAL TEST RESULTS (124 Specimens, 13 Rock Types)

ENGINEERING CLASSIFICATION FOR INTACT ROCK -
EFFECT OF ANGLE OF BEDDING AND FOLEATICHN

ENGINEERING CLASSIFICATION FOR INTACT ROCK -
SUMMARY PLOT IGHEOUS ROCK
(176 Specimens, 75% of Points)

ENGINEERING CLASSIFICATION FOR INTACT ROCK -
DIABASE (26 Specimens, 8 Locations, Various Sources)

ENGINEERING CLASSIFICATION FOR INTACT ROCK -
GRANITE FAMILY (€0 Specimens, 16 Locations,
Various Sources)

ENGINEERING CLASSIFICATION FOR IHTACT ROCK -
BASALT AND OTHZR FLOW ROCKS (70 Specimens,
20 Locations, Various Sources)

SNGINEERING CLASSIFICATION FOR INTACT ROCK -
SUMMARY PLOT SEDIMENTARY ROCKS
(193 Specimens, 75% of Points)

ENGINEERING CLASSIFICATION FOR INTACT ROCK -
LIMESTONE AND DOLOMITE (77 Specimens, 22 Locations,
Various Sources)

ENGINEERING CLASSIFICATION FOR INTACT ROCK
SANDSTONE (82 Specimens, 18 Locations,
Various Sources)

ENGINEERING CLASSIFICATION FOR INTACT ROCK
HARD SHALE (34 Specimens, 14 Locations,
Various Sources)

ENGINEERING CLASSIFICATION FOR INTACY ROCK
POROUS TUFF (4l Specimens, 2 Locations,
Various Sources)

ENGINEERING CLASSIFICATION FOR INTACT ROCK
SUMMARY PLOT METAMORPHIC ROCKS
(167 Specimens, 75% of Points)

ENGINEERING CLASSIFICATION FOR INTACT ROCK
QUARTZITE (4] Specimens, 11 Locations,
Various Sources)

xi

134

139
142

143

144

145

146

147

149

150

151

152

154

155

156



Cigure Ko,

6.15

6.16
6.17

6.18

6.19

6.20
6.21

6.22

6.23
6.24

6.25

6.26

6.27
6.28

6.29

6.30

ENGINZERING CLASSIFICATICN FOR INTACT ROCK -
GHEXSS (43 Specimens, 14 Locations, Various
Sources)

ERGINDEATING CLASSIFEICATICH FOR INTACT ROCK -
MARBLE (22 Specimans, 7 Lecations)

ENGINCERING CLASSIFICATION FOR IWNTACT ROCK -
SCHIST (61 Specimens, 11 Locations, Various Sources)

RELATIONSHIP BETWEEN AVERAGE VALUES OF 75-R AND
ULTIMATE CCHPRESSIVE STREKGTH FOR ROCK IN UNIAXIAL
COMPRESSION

RELATIONSHIP BETWEEN AVERAGE VALUES OF 7,-R AND
ULTIMATE COMPRESSIVE STRENGTH FOR ROCK IN UNIAXIAL
COMPRESSION (SEMI-LOG PLOT)

ROCK STRENGTH CHART BASED ON SCHAIDT HARDNESS

RELATIONSHIP BETWEEN AVERAGE VALUES OF 7,°R AND
TANGENT MODULUS OF DEFORMATION AT STRESS LEVEL OF
ONE-HALF ULTIMATE STRENGTH FOR ROCK IN UNIAXIAL
COMPRESSION

RELATIONSHIP BETWEEN AVERAGE VALUES OF 7az-R AND
TANGENT MODULUS OF DEFORMATION AT STRESS LEVEL OF
ONE-HALF ULTIMATE STRENGTH FOR ROCK IN UNIAXIAL
COMPRESSION

ROCK MODULUS CHART BASED ON SCHMIDT HARDNESS

RELATIONSHIP BETWEEN AVERAGE VALUES OF SHORE
HARDNESS AND SCHMIDT HARDNESS FOR ROCK

RELATIONSHIP BETWEEN AVERAGE VALUES OF 75-Sj, AND
ULTIMATE COMPRESSIVE STRENGTH FOR ROCK IN
UNIAXIAL COMPRESSION

RELATIONSHIP BETWEEN AVERAGE VALUES OF 75¢Sj AND
ULTIMATE COMPRESSIVE STRENGTH FOR ROCK IN
UNIAXIAL COMPRESSION (SEMI-LIG PLOT)

ROCK STRENGTH CHART BASED ON SHORE HARDNESS

RELATIONSHIP BETWEEN AVERAGE VALUES OF 7,-S; AND
TANGENT MODULUS OF DEFORMATION AT STRESS LEVEL

OF ONE-HALF ULTIMATE STRENGTH FOR ROCY IN UNIAXIAL
COMPRESSION

RELATIONSHIP BETWEEN AVERAGE VALUES OF 7,2.5;, AND
TANGENT MODULUS OF DEFORMATION AT STRESS LEVEL OF
ONE-HALF ULTIMATE STRENGTH FOR ROCK IN UNIAXIAL
COMPRESSION

ROCK MODULUS CHART BASED ON SHGRE HARDNESS

Page

157
158

159

163

165
167

168

169
170

172

174

175
176

177

178
179



Figure No,

6.31

6.32

6.33

B.1A-
B.28A

B.1B-
B.28R

c.1
c.2
c.3

RELATIONSHIP BETWEEN AVERACE VALUZS OF 7a’Vp XD
TANGENT MODULUS OF DEFCMIATION AT STRESS

LEVEL OF CHI-HALF ULTIRATE STALZNGTH FGR ROCK

IN UNTANISL CCOPRESSION

RELATIONSHIP CETWEEN AVIRAGE VALUES OF 75V, AlD
TANGENT KOLDULJS OF DCFORIATIOCH AT STRESS

LEVEL OF OME-RALF ULTIMATE STRENGTH FOR ROCK IN
UNIAXIAL COMPRESSION (SEMI-LOG PLOT)

ROCK MODULUS CHART BASED ON DILATATICNAL WAVE
VELOCITY

STRESS-STRAIN BEHA. [OR AND SCHIC PULSE VELOCITY
FOR ROCK IN UNIAXIAL COMPRESSICHN

STRESS-STRAIN CURVE AND POISSON'S RATIO FOR ROCK
IN UNIAXIAL COHPRESSICN TO FAILURE

CHARACTERISTICS OF NORMAL DISTRIBUTION
RELATIONSHIP BETWEEN VARIAZLES X AND Y

EFFECT OF SAMPLING VARIATION ON REGRESSION ESTIMATCS

OF POPULATION MEANS

xiii

Page

181

182

184

220-274

221-275
281
281

289



PRINCIPAL SYUDOLS

= Y-intercept of rcgression line

ehrasion hardnoss

U':?G
]

= slepe of regressicn line, or coofficient of regression

BLH = Baldwin-Lima-Homilton
CL = confidence limits
D = djameter of core specimen
0y = deviation, error or residual
= 2,71828, the base of natural logarithms
E = Young's modulus of elasticity
Eq = Young's modulus of elasticity determined dynamically
Ei = jnitial tangent modulus of deformation
Eg = secant modulus of deformation
€, = tangent modulus of deformation
F = total failure load
g = acceleration of gravity
G = modulus of rigidity (or shear modulus)
K = bulk modulus of elasticity
L = length of core specimen
L/D = length/diameter ratio of specimen
M. = constrained modulus of deformation
M, = modulus of resilience
"t = modulus of toughness
n = pnumber in group or sample
Pl = weight of oven-dry specimen
P, = wefght of saturated specimen
r = coefficient of correlation
r2 = coefficient of determination
R = Schmidt hammer hardness
s = sample standard deviation
s2 = sample variance
Sy.x = sample standard deviation from regression, or standard error
of estimate (Y on X)
S% = standerd deviation of the means, or standard error

xiv




§ w Shore sclcroscope hardness

t » "3tudent's' t-distribition

T = point-load tensile strength

USEM « U, S, Burcau of Minecs

USER w U S, Burezu of Reclanntion

Vi w cocfficient of variation

Vp w sonic pulse velocity or dilatationsl wave velocity in an
unbounded medium (P-wave)

Vg = distortional or shear wave velocity (S-wave)

x = sample mean of X

X = independent variable (abscissa)

y = sample mean of Y

Y = dependent variable (ordinate)

Yest, = value of Y estimated from regression

Zz = standard normal distribution

u level of significance

4 = unit weight

73 = unit weight (air-dry)

da/de = tangent modulus

€ = strain

€¢ = strain at failure

tan 6 = glope of linear stress-strain curve

u = mean of population

v = Poisson's ratio

x = 314159

dé = angle of internal friction
p

= mass density (é?

oy (y) = yield stress

o,(ult,) = uniaxial compressive strength (ultimate)
o/¢€ = secant modulus

o = stress (in engineering mechanics)

standard deviation of pogulation (in statistics)

qQ
[ ]

z = giwmation

XV



B I

EP

ATWL-TR-65-116

This page intentionally left blank.

xvi



SECTICH 1
INTRCDUCT IO

I. NATURE OF THE PRODLEM

Traditionally, civil and military enginecers have becen involved with
the mechanics of rock behavior on projects in rock such as decp foundations
of dams, buildings, and bridges; dcep rock cuts for highway, railway, and
canal construction; and rock tunncls for power supply or vehicular use,
Mining engineers also have been keenly interested in the behavior of the
rock surrounding their operations for extraction of materials from beneath
the earth's surface, In recent years, the scope of zrojects concerned with
rock engineer ing has broadened extensively with the advent of underground
power plants, missile launch and control facilities, and other types of
nilitary protective construction, These latter projects involve dynamic
or shock loading at high intensities of pressure as well as the normal
static loading.

Many early projects were successfully completed by applying procedures
and rule-of-thumb techniques gained from experience; however, this is not
possible with the current array of projects, |If the engineering behavior
of rock under superimposed stresses is to be rationally predicted, knowledge
concerning the geological discontinuities of the rock mass, physical proper-
ties of the geological materials, and principles of mechanics, should be

utilized,

Physical discontinuities are present in all rock masse< in the form
of planes or surfaces separating intact blocks of rock, Geologically,
these discontinuities are recognized as joints, faults, bedding planes, or
cleavage planes., The strength and deformation characteristics of a rock
mass are both influenced by:

i) the physical properties of the intact blocks of rock, and
ii) the number and nature of the discontinuities bounding the
individual blocks,

The problem is, therefore, two-fold, In order to develop, ultimately, a
meaningful system for evaluating in-place rock behavior at a potential con-
struction site, it is logical to investigate, initially, the properties of
the intact rock materials, Because of the discontinuous nature of a rock
mass, appropriate reduction factors should then be determinsd for applica-
tion to the 'upper limits' defined by the intact rock,

The present investigation is not concerned with the behavior and
classification of the in-situ rock mass with its inherent discontinuities,
Rather, it is limited to the first phase of the problem -- the physical
properties of the intact rock, Intact rock is defined herein as a poly-
crystalline solid, consisting of o natural aggregate of minerals, the
properties of which depend upon:

i) the physical properties of the constituents, and
ii) the type of bonding of these constituents to one another,




Rock corcs chtained in enploratory drilling are normally the first
physical evidincos frem which the engincer may g:t an indication nf the
nature of the subsurface rock, The cores contain the intact rock materials
and also show evidonce of some of the discontinuities, C€onsequently, proper
classification of these cores is an important step toward an undzrstanding
of the behavior to be expected, both during and after construction, Unfor-
tunately, the quelitative dcscruptsons presently used (e, g., on boring logs
in design, end in construction specifications for rock engineering pFOJﬁctS{
permit too brozd an interpretation for universal engineering usage,

The identification and classification of the products of nature con-
stitute an artificial procedure, because these materials are infinitely varied
and do not lend thcemselves to separatuon into distinct categories (Pcck
Hanson, and Thornburn, 1953). As a result, various arbitrary systems of
classification have been developed, each with a particular purpose or appli-
cation to a specific locale, As attempts are made to refine any of these
systems, thes system inevitably becomes more complicated and uicimately more
cumbersome, so as to defeut the purpose for which it was intended, To avoid
this difficulty, it is desirable to make use of relatively simple systems of
classification with small numbers of categories, Detailed information coun-
cerning any given rock (or soilj can be summarized by stating numerical
results, known as index properties, of certain physical classification tests,
If the classification tests are properly chosen, rock (or soil) materials
having similar index properties, regardless of thevr geologic origin, are
likely to exhibit similar engineering behavior (Peck Hanson and Thornburn

1953),

The importance and usefulness of index properties for soil have
already been well established in the field of soil nechanics and foundation
engineering., The desirability of similar procedures for rock is repeatedly
demonstrated in rock engineering problems, In order for an index property
to be useful, it must have the following three general characteristics,
whether it ns used to describe soil, rock, or other engineering materials
(Pomeroy, 1957; Deere, 1963a):

i) It must be an index of a material property which is used
by an engineer in solving a design problem,
ii) The test to determine the property must be simple, inex-
pensive, and rapidly performed,
iii) The test results must be reproducibie, within certain
limits, by different operators in different locations
using standardized equipment and procedures,

2, OBJECTIVES OF INVESTIGATION

The objective of this research was to develop an engineering classi=
fication system for intact rock, which has as its basis index properties
that are related to important physical properties of the rock, An experi-
mental investigation was conducted in order to determine the physical and
elastic properties of intact core specimens, representative of rock types
most commonly enzountered in civil engineering projects in the United States,
Relationships among these various properti- sere studied, and the most

significant correlations were used in developing the desired indices,




Because of its widespread application In metals, and the promise it
has shown for other investigators in rock, hardness in its various forms
was of primary interest for possible use as &én index property, The proper-
ties of tcughness, resilience, strength, and elasticity, ere all involved
to some degree in hardness tests, The latter two, strength and elasticity
(or deformability), are the material propzrties which are of primary concern
in the majority of civil engincering projscts, Therefore, both the index
tests and the classification system are directed toward a relationship with
these properties,

3. SCOPE OF STuDY

In the following section, a review of existing systems of rock classi-
fication iz presented, These consist of: (1) the most common, geological
classifications, (2) systems which give consideration to classification on
the basis of the physical properties of the rock substence, and (3) in situ
classifications,

Section Three deals with the concepts of hardness and their appiica-
tion to rocks, The three basic types of hardness and their methods of
measurement are presented, along with some of the relationships previously
found between hardness and other properties, The relationship of rock
hardness to drilling is also discussed,

In Section Four, a description of the 28 rock groups studied in this
investigation is given, The following 13 different geological rock types
are in:luded: basalt, diabase, dolcmite, gneiss, granite, |imestone,
marble, quartzite, rock salt, sandstone, schist, siltstone, and tuff, A
detailed explanation of sample preparation is presented, in addition to a
description of all tests performed, NX-size, intact core specimens, with
L/D ratios of 2:1, were subjected to the following laboratory tests: unit
we ight, Shore (scleroscope) hardness, Schmidt hammer hardness, abrasion
hardness, absorption, sonic velocity stress-strain under cyclic loading,
stress-strain to failure, and point-load tensile strengtk, A summary of
all test data is given in tabular form at the end of Section Four,

The test results are discussed and interpreted in Secticn Five,
Data plots are presented of those properties which show the most signifi-
cant degree of correlation with other properties, cr are of general
interest, Least-square regression lines are shown on each plot, together
with the functional relationship, standard error of estimate, and correla-
tion coetficient, A comparison of static and dynamic properties of rock,
as observed in this investigation, is also discussed,

Section Six presents the correlations from which the index proper-
ties are defined, and proposes a system for the engineering classification
of rock, This system is used to provide qualitative descriptions in terms
of compressive strength and Young's modulus for intact specimens of rock,
Classification is determined from numerical data obtained from index pro-
perty tests, as described herein, or from actual laboratory measurements of
strength and modulus, Estimates of the gecneral range of strength and
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modulus valuns for various rock types can also be obtained from the charts
in Section 3ix,

In the lest section, the summary and conclusions are presented,
Future rescarch which eppears warranted as a result of this investigation
is also suggested,




SECTION 2

EXISTING SYSTENS CF ROCK CLASSIFICATION

1. GENERAL

-

One of the primary purposes for rock classification in subsurface engi-
neer ing and construction projects is to provide an effective means of communi-
cation among the engineering geologist, laboratory and design engineers, field
engineer, and contractor, The records «f underground explorations shown on

contract drawings furnish the basic data for contractors' bids, and during
performance of the work form the basis from which all changed conditions must
be evaluated, The responsibility for presenting an accurate description of
the materials to be encountered rests with the design engineer and the engi-
neering geologist, It is desirable that the characteristics of the rock which
will influence the construction methods be clearly conveyed to the contractor,

For the engineer, the appropriate classification of both the rock
materials and rock mass would greatly assist in making the initial appraisal
of the project, and in pointing to the areas where additional engineering
information must be cbtained for use in arriving at the final solution to
the problem (Coates, 1964), Because of the important role of experience,
especially in subsurface engineering projects, the individual experiences of
all engineers should be summarized into a body of knowledge that can be
readily assimilated; otherwise their value is lost to the profession, Proper
classification of rocks (and other subsurface materials) into groups, within
each of which the significant engineering properties are somewhat sum|lar is
thus an important step in connection with any foundation project (Peck
Hanson, and Thornburn, 1953),

This section is concerned with a description of some of the systems
which have been developed for rock classification, Geolongical systems are,
in general, most widely used, Other systems have been developed for particu-
lar purposes, but are often limited in their application., Some systems are
concerned with the properties of the rock material only, while others are
more concerned with the continuity, size, and arrangement of the intact rock
blocks (or slabs) within the rock mass, Still others give consideration to
both of these characteristics.

The following part of this section deals with geological classifica-
tion., The next part is concerned with systems which given consideration to
description and classification on the basis of the physical properties of the
rock substance, The last part discusses rock classification systems which
are primarily concerned with thke in-situ character of the rock mass,

2, GEOLOGICAL CLASSIFICATION

In its broadest geological sense, a rock is any naturally-formed

aggregate or mass of mineral matter, whether or not coherent, constituting

an essential and appreciable part of the earth's crust (AG! Glossary, 1962) .,
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To the leymcn and the engincer (and, In truth, to most geologists), the term
"rock" refers to any hard, solid matter derived from the earth (Stokes and
Varnes, 1535),

A single scheme for classifying rocks that is both cexplete and
practical is presently not available, Rocks arz classified chemically,
petrogrephically, or gonctically, depending on the purpose of the classi-
fication, Each basis has its own merits but none can fully ccubine the
advantages of all (Huang, 1682), A primary division of rocks into three
groups according to their genesis or mode of origin is almost universal in
usage, Jancous rocks are the primary rocks formed by cooling of molten
magmas, o by recrystallization of older rocks under heat and pressure
great encugh to render them fluid, If magmas cool beneath the surface, they
form intrusive rocks; magmas reaching the surface form extrusive rocks,
Sedimzntary rocks are the products of deposition of plant and animal
remains organic), and of materials formed by chemical decomposition
(chemical), and of physical disintegration of igneous, sedimentary, or
metamorphic rocks (clastic). Motamorphic rocks are those produced by
internal processes of heat, pressure, or permeation by other substances,
acting on preexisting rocks of any kind, Metamorphic rocks are usually
referred to as foliated or nonfol iated,

Petrographically, the most important properties utilized for identi-
fication and classification are texture, structure, and mineralogical
composition, Although there is no general agreement as to which physical
features of rocks shall be included as textures, and which are to be
regarded as structures, the term, fabric, is used to include data from
both categories, Spock (1953) refers to texture as the size and shape of
rock constituents, together with variation in these properties, Structure
covers the distribution and grouping of minerals and also the immediate
effects of their arrangement, such as foliation and bedding, Mineral
compos ition is the fundamental basis in geological classification of rocks,
because the actual units (minerals) of which rocks consist are used
(Hunag, 1962).

Chemical classification is primarily useful for comparison of rocks
on the basis of chemical data in which each oxide is presented as a weight
percent, However, it is impossible to determine the character of a rock
from a chemical analysis alone, since rocks of closely related composition
may differ in origin, as well as in texture and mineralogy (Spock, 1953).

Detailed geological classifications are readily available in various
texts dealing with rocks (Grout, 1940; Spock, 1953; Huang, 1962), Travis
(1955) presents in compact form the generally accepted conventions for
naming rocks on the basis of mineralogy and texture, Mielenz (1961) gives
a mineralcgic and textural classification of igneous rocks only,

Unfortunately, the above geological grouping and classification pro-
cedures give little or no information concerning the engineering capabili-’
ties of the rock, For example, some |imestones have compressive strengths
of 6,000 psi, whereas others have strengths of 36,000 psi, Or for example,
the term ''granite'’ may mean a hard, coherent rock, However, it is known




that granite can be extremzly variable from location to location, depending
upon the various wcathering conditions to which it has becon subjected, In
sore tropical climates, granites arc wecathercd to such a dogrec that they
can be excavated by hand with en o:dsnary shovel, Saﬁdvtm'*s also, may f&!l
under classifications such as 'poorly comznted gordstonn' to {Ln.tl ally comonted
sand’ for the seme rochk, depending vpon the background cnd e ericnce of thu
geologist assigning the clas snfncntnon. If the former of the two classifi-
cations were uscd in the contract documents, the contractor would be prepared
for excavation by blasting--and probably no bracing. If the latter classifi-
cation were used, the contractor would normally be preparecd for excavation
with mechanical power equipment and extensive bracing, The cost and pro-
cedures for either case are entirely different, These and other exemples
clearly illustrate the limitations of a strictly geological classification,

-~

3. CLASSIFICATICN BY PHYSICAL CH/NACTER OF ROCK KATERIALS

Scme of the earlier ground classification methods used in mining are
given by Harley (1926); he states that the factor that most influences all
underground operations is the physical nature of the ''ground’ with which the
mine operator has to deal, In the past, operations in mining were initiated
by using trial and error methods; many believed that the conditions under-
ground made this method of approach inherently necessary, Host general for
local usage were such terms as hard, mzdium, soft, easy-brezking, et cetera,
Other schemes, based upon rock names, wcre unsatisfactory because they did
not consider the wide range of mincralogical composition, texture, weathering,
and alterations occurring in each rock type,

Harley (1926) proposed a scheme of classification which considered the
following physical characteristics:

i) unit weight,
ii) degree of hardness
iii) degree of toughness and
iv) occurrence of slips (or joints) in the rock,

This scheme was based upon the ft,~-lbs, of energy required for drilling one
cubic inch of rock, which was correlated to a grinding resistance obtained

by a small grinding machine, The hardest rock in the drill test was assigned
a grinding resistance factor of 1,0 and a classification of A®; the softest
rock was classified as D+, and the grinding resistance factor was some
decimal part of 1,0, There is no evidence that Harley's proposed scheme

gained popular usage,

Head (1951) proposed a classification of geological rock formations
based entirely upon the relative efficiency with which the formations could
be drilled with a small rolling-cutter type of test bit, The micro-bit was
about 2 inches in diameter, and consisted of two rolling cutters (approxi-
mately 1-inch diameter) mounted on cpposite ends at a slight angle to the
axis of the shaft, The test bit was designed to facilitate the replacement
of the cutters after each drillability test, The Drillability Classification
Number (DCH) was obtained by mounting the micro-bit in a lathe and measuring
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the time interval, in seconds, required to drill 1/16-inch depth into a
sample of each formation, Rotational speed was 110 rpm at a constant

bit thrust of 117 pounds, By using the average result of at least two
tests, the relative drillabilnty was estoblis ? ad for 15 rock formations
comman!y encountered in drilling, The DCR renged from 1,9 for Wilcox sand-
stone to 855,7 for Hosstun quartzite,

To detarmine whether or not this classification was consistent with
results obtaincd from actual bits, drilling these same formations under field
conditions, Head examined the performance of seven differcnt types of bits
used in these formations in the field, He found that the rates of penetration
of the field bits fell in the same order as the rates of penetration of the
test bit (the DCN is inversely proportional to the corresponding rate of
penetration of the test bit), On the basis of these tests, Head concluded
that any rolling-cutter type of bit should drill all formatnons for which a
Drillability Classification Number has been established, in the same succes-
sion as the test bit, if chipping action occurs,

Hughes Tool Company, Houston, Texas, has developed an cmpirical, drill-
ability classification chart on the basis of micro-bit data from samples of
the same rock formations on which full-size bits have been run (Rollow 1963) .
The estimated drlllang rate of a new bit (in the field) is obtained by enter-
ing the chart, using micro-bit drilling rate and weight on the bit in pounds
per inch of diameter. The micro-bit is 1 1/4 inches in diameter and is of
slightly different design than the one used by Head (1951), The bit is placed
in a small, radial drill press under 200 lbs load at 55 rpm; air is used to
remove cuttings, Each test consists of drilling 3/32 inch, with drilling
time recorded for each 1/32 inch drilled, The average drlllang rate and
cutter wear are calculated from the drilling tests,

The laboratory micro-bit test provides a basis for predicting rock
drillability from small samples, |In oil-field work, where cores have been
checked with the micro-bit, the results have been accurate within 10%, The
results have been somewhat more erratic in the blast-hole industry, but
still usable, As Rollow points out, the micro-bit test is obviously valid
only to the extent that the micro-specimen is representative of the whole,
Also, the test procedure is reported to ignore several factors which affect
bit 1ife, The major limitation of this test for universal rock classifica-
tion appears to be its specialized relation to particular types of equipment
and procedures for specific rock formations,

A c<cale of hardness applicable to rock material was given by the
Panama Canal Company (1947). This scale was slightly modified and used for
classification of rock during construction of the Balboa Bridge (1959).
The system is simple and is based upon the relative ease or difficulty
with which intact rock can be broken, Although qualitative in nature, it
uses terms familiar to all, providing a gradation from rock that can be
broken in the hand to rock that can only be chipped with heavy blows of the
hammer, This classification scale is shown in Table 2,1,

The U, S, Army Corns of Engineers {1961) present a 'Guide for Classi-
fication and Description of Rocks with Emphasis on Their Engineering Proper-
ties,'" which is essentially qualitative in nature. The basic classification



TABLE 2,1
SCALE OF ROCK HMARDNESS

After Panama Canal Company (1958)

RH-1 Soft Slightly harder than very-hard overburden, rock-
like character but crumbles or breaks easily by
hand., (Some clay-shales and unccmented sand-
stones and agglomerates,)

RH-1  Medium Soft Cannot HE crumbled between fingzrs, but can be
easily picked with 1ight blows of the geology
hammer., (Some shales and slightly-cemented
sandstones and agglomerates,)

RH-2  Medium Hard Can be picked with moderate blows of geology
hammer, Can be cut with knife,

RH-3 Hard Cannct be picked with geology hammer, but can be
chipped with moderate blows of the hammer,

RH-4  Very Hard Chips can be broken off only with heavy blows of

the geology hammer,

includes a symbol and a name for each of 24 rock types encountered on Corps
of Engineers projects. The physical properties of the rock ar: designated
on the boring logs, either by word descriptions or by using the appropriate
key number or numbers shown on the guide for the applicable physical
properties. There are 46 descriptive key terms which may be selected as
characterizing the following properties: bedding, lithology, hardness and
degree of cementation, texture, structure, degree of weathering, solution
and void conditions, swelling, and slaking, Of the nine properties listed,
only three are not directly concerned with material properties, i.e.,
bedding, 1ithology, and structure, These three are characteristics of the

rock mass,

A simple, quantitative procedure which can be correlated with in-
situ and laboratory test results of the strength and compressibility of’
rock is described by Hamrol (1961), In this procedure, the index of
alteration (a measure of the short-term water absorption of rock samples)
is determined for a large number of samples over ar entire site and, by
using the established correlations, the foundation area can be mapped in
terms of a particular engineering property (Rocha, 1964), This technique
appears to be applicable primarily in differentiating zones of weathered and

altered rock,
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Deere (19325) gives erjhasis to those coological featurcs which can
be observed in rock cores, and which appcar to be significant in rock engi-
nearing, The significant featurcs include those which hove a direct bearing
on the honogenelty of the rock mass with respoct to (1) varictions in hard-
ness, end (2) physical discentinuities, In the routine logging of rock
cores, it has bocn the custem to chock tho hardacss by nothing rore than a
knife blade or goology pick, Since it is not the slight differences in
degree of hardness from one rock to anothor that is Importent, but rather
the lerge voriations, a relative term for hardr 5 moy be satisfactory,

In order to obtain a more meaningful numericcl hardness value, Daere
(1963b) suggests the use of a small version of the Scwmidt concrete test
hamner, This procedure was reccently reported by Knill and Jones (1965) for
granite cores from a dam in England, Although the impact numbers were not
shown to be directly related to any engineering property, they clearly

reflect the decrease in the effects of weathering in the rock with depth,

From an engineering point of view, Deere (1963b), also suggests that
a textural classification system eventually may prove to be of greater value
than the normal, mineralogical one, He has proposed that most rocks can be
fitted into one of the following three textural groups: interlocking, cemented,
laminated-fol iated, Here, texture refers to the manner in which the consti-
tuent grains are arranged and bound together (the petrographer's fabric),
rather than reference to grain size,

Coates (1964) reviews the uses to be made of rock mechanics in engi-
neering work, and lists five characteristics or properties which he con-
siders to be most important for engineering applications, On the basis of
the five characteristics, he proposes a classification system which recog-
nizes that the rock substance (or material) has certain properties that can
be identified, but that the condition of the rock substance in-situ is also
of great importance, The three characteristics which deal with the proper-
ties of the intact rock material are listed as follows:

i) The uniaxial compressive strength is the property which
immediately indicates whether the rock substance is weak
enough, with respect to the application, to be a source of
trouble in itself,

ii) The pre-failure information characteristics of the rock
substance indicate whether creep of some nature could be
expected in the material itself, at stress levels less
than those required to produce failure,

i1i) The failure characteristics of the rock substance, i.e,,
brittle, or plastic, should influence the safety factor
that is used in design, as well as precautions to be
taeken during construction,

The classification system proposed by Coates is given in Table 2,2, It will

be noted that his system is bascd on both the material properties (ltems 1-3)
and the in-situ geological discontinuities (ltems b and 5),

10




TABLE 2,2
CLASSIFICATIGH OF ROCKS FCX ROCK RECHANICS

After Coates (150h)

. Uniaxial cainression stroncth of the rock substance
a, Weak (less than 5,000 psi)
b, Strong (batween 5,00C psi and 25,000 psi)
c. Very Strong (greater than 25,000 psi)

2, Pre-failure deformaticn of rock substance
a, Elastic
b, Viscous (at stress of 50% of uniaxial compressive strength the
strain rate is greater than 2 microstrain per hour)

3. Failure characteristics of the rock substance

a, Brittle
b. Plastic (more than 25% of the total strain before failure is
permanent)

L, Gross homogeneity
a, Massive
b, Layered (i.e., generally including sedimentary and schistose,
as well as any other, layering effects which would produce
parallel lines of weakness)

5. Continuity of the rock substance in the formation
a, Solid (joint spacing greater than 6 ft,)
b, Blocky (joint spacing between 3 in. and 6 ft,)
¢, Broken (in fragments that would pass through a 3-in. sieve)

L, CLASSIFICATION BY IN-SITU CHARACTER OF ROCK MASS

In the process of assessing the engineering behavior of rock, the
engineering geologist and the foundation engineer are faced with the major
problem of translating the significant geological . .ervations into engi-
neering terms, The information normally required by the engineer includes
data on the strength, compressibility, and permeability characteristics of
the foundation rock, In addition, the existing state of stress, the ground-
water conditions, and chemical stability of the rock may also be required,
Of these characteristics, the first three and the last are properties of
both the rock material and the in-situ rock mass, The existing state of
stress and ground-water conditions deal only with in-situ characteristics,

A classification system to be used for determining the appropriate

kind and emount of support for tunnels in rock was proposed by Terzaghi
(1946), In this system, rocks are placed in the following groups in
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decreasing order of competencys  intact, stratified, moderately jointed,
blocky and seamy, crushed, squcezing, and swelling, A similar classifica-
tion is given by Talcbre (1557), except he has six categorics, epparently
omitting moderately jointed rock, Keither system is particularly concerned
with the proparties of the rock materisl, On the other hand, the description
of the rock mass is fairly informative from a qualitative standpoint,

The U, S, Burezu of Hines (1962) report that "the type of rock, its
physical end geological characteristics, end the stress field before mining,
determine, in general, the size and shope of underground openings that can

ep et . "
be used and the amount of artificial support that must be installed.'" A
classification system for underground openings in rock is given, in which
in-situ rock is divided into two main divisions as follows:

a, Competent rock -- rock that will sustain an opening without
artificial support,

(1) massive-elastic (homogeneous and isotropic)

(2) bedded-elastic (homogeneous, isotropic beds with thick-
ness less than the span of the opening and little cohesion
between beds)

(3) massive-plastic (rocks which flow under low stress)

b. Incompetent rock -- rock which requires artificial support
to sustain an opening,

As stated in the USBM report, the system is only for competent rocks, which
limits its application to other than the specific purpose intended., Its use
would also be limited to engineers with considerable experience because of
its qualitative, rather than quantitative basis. It provides no numerical
definition or other means for determining whether or not a rock is competent,
or to what degree,

A rock classification chart based on joint spacing and weathering
has been developed by the Austrian school of rock mechanics (John, 1962),
This chart relates two of the important factors governing the bulk strength
of a rock mass, These factors are the spacing of the geological jcints, and
the degree of decomposition (weathering) and resulting compressive strength
of the rock material, The rock material is divided into four descriptive
classifications as follows:

Type | - Sound

Type 11 Moderately sound, somewhat weathered
Type {11 Weak, decomposed, and weathered

Type IV - Completely decomposed

Mumerical limits for rock strength are assigned to each of the above cate-
gories, A chart of this type will be useful for classification if the
description of the rock composition can be made quantitative and reprodu-
cible for all rock types (irrespective of the project site), and can be
related to the engineering properties of the rock,

Estimation of the degree of jointing (or soundness) in a rock mass may

be obtained by use of seismic tests (Onodera, 1963), A lsboratory seismic
(sonic pulse velocity) test performed on an intact rock specimen is unaffected
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by the discontinuities present in the field, The field seismic wave, on the
other hand, will be affected by the discontinuities in the rock mass through
which it travels; the greater the dearec of jointing, the lower will be the
seismic velocity, The ratio of the field seismic modulus (a square function
of the seismic velocity) to the laboratory seismic modulus can, therefore,
be used to estimate the degree of jointing, For an unjointed rock mass, the
ratio is assumed to be unity, i,e,, the field velocity is the samz as the
laboratory velocity (assuming no sampling disturbance and identical moisture
conditions)., For a jointed rock mass, the ratio will be less than unity,

Onodera (1963) presents a classification which correlates the degree
of jointing and weathering with the seismic or 'soundness'' ratio, This
procedure includes both the properties of the rock material as well as the
discontinuities which affect the mass behavior, Descriptive geological
diagnostics are also given by Onodera in which the rock is graded from excel-
lent to bad, and assigned correspending alphabetical symbols from A to E,
respectively, He also suggests that a similar concept may be applied to
rock simples from a given site in which an 'ideal’ specimen is assigned the
ideal modulus as determined from a laboratory, sonic velocity test, Other
specimens with lower modulus values are downgraded accordingly,

A Rock Quality Desigration based on rock hardness and fracture
frequency, as determined from rock core examination, has been develioped
in an attempt to gencralize the average, in-situ rock quality (Deere, 1964),
In this method, the length of sound, relatively unfractured core per length
of core-hole is determined, by considering only core which has a certain
mininum hardness, and which is longer than & inches, The rock is then rated
in designations of Excellent, Good, Fair, Poor, in descending crder of rock
quality, based upon the percentage of sound core obtained from the boring,
A rock which is soft or weathered, a closely jointed rock, or a rock from
which the core recovery is low, would fall into the Poor to Fair category,
A quantitative method for evaluat'ng rock hardness is desirable in order
for this scheme to be reliasbly used by inexperienced personnel,

Because of the complex relationships which exist between various rock
types at a dam-site in the Sudan, four separate grades of rock condition
were utilized by Knill and Jones (1965) as follows:

Grade | Fresh rock

Grade 11 : Slightly weathered rock
Grade IIl : Highly or moderately weathered rock
Grade 1V : Completely weathered rock

They report that by this means it was possible to group togethcr rocks of
different types which have similar engineering properties, Slcpes cut in
Grade IV rock disintegrate under wet conditions to angles between 25° and 30°,
This rock can be excavated mechanically and, generally, can be dug manually,
Grade 111l rock was usually excavated by blasting; slopes up to 10 meters

high were stable, apart from minor spalling, Rock in both Grades | and ||

was excavated by blasting and, in general, the sounder rock required less
explosive than that needed to excavate a similar volume of Grade 11 and |1}
rock, The four grades of this system are similar to the types proposed by
John (1962). For exploratory purposes, the method for assigning a rock to
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any particular grode, abave, eppears to be one based upon experience, thus
restricting its universal applicability,

The difficulties to be encruntered in obtaining a universal engi-
neering classification system for rock cannot be over-emphasized, Geological
classification systems, while providing a basis for naming and describing
rocks, contain little information or relationship with the rock properties
important to their machanical bzshovior, The specific purpose for which a
claessification system is developed obvicusly plays an important role in
determining whether the emphasis is placed on the material properties of the
rock substance or the continuity of thz substance in the rock mass, It is
important that the process of enulysis of a particular problem be made frem
the point of view of the prcposed service of the rock, However, the basic
data from which the engineering evaluations are to be made should be an
inherent property of the rock {both material and mass), and should be deter-
mined from standardized procedures, The same rock should have the same
classification regardless of how it is being used (Coates, 1964)., For each
type of information, a systematic collection of the data, correlated with
engineering experience through a consistent system of classification, can
lead to improved methods for predicting rock behavior,

It is clearly seen that a universally acceptable engineering classi-
fication system for rock should indicate both the properties of the rock
material and also the in-situ characteristics of the rock mass., Because
the rock-mass characteristics involve both the material properties and the
geological discontinuities, a meaningful system for in-situ classification
is not likely to be developed without also evaluating the behavior of the
rock substance, Thus, the investigation described herein is limited to the
first phase of :he problem ~-- the physical properties of the intact rock,
This study is not concerned with the behavior and classification of the
in-situ rock mass with its inherent discontinuities,

The next section deals with one of the more important physical
characteristics of the intact rock material, The concepts of hardness
and their application-to rocks are presented, The three basic types of
hardness (i.e., abrasion, indentation, and rebound) and their methods of
measurement are discussed, along with some of the relationships previously
observed between hardness and other properties,
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SECTION 3

HARDNESS CF ROCKS

1. GENERAL

For the past 65 years or mora, engineers and metallurgists have been
making hardness measurements of mctals as a means for assessing their general
mechanical properties, Because of the apparent connection between hardness
and other properties, simple hardness measurements on the surface serve as an
indication of the bulk properties of the material, This application has been
extremely valuable in metallurgy; its usefulness for rock materials also shows
cons iderable promise,

Hardness is one of the most investigated properties of materials,
and yet it is also cie of the most complex to understand, As has been
pointed out by many investigators (Obert et al, '946), hardness is an
elusive progerty; the concept of hardness doec not lend itself to exact
definition in terms of the customary physical units, A numerical value
of hardness is as much a function of the kind of test used as it is a
material property,

The term hardness, when used as a technological property of materials,
is primarily associated with the surface (Richards, 1961), Mineralogists were
among the first to be concerned with hardness because of its close association
with the resistance of precious stones to surface scratching and abrasion,

The hardness ¢f a mineral is defined by Dana (1932) as ''the resistance which
a smooth surface offers to abrasion.,' This connotation was carried over to
metals with the development of alloys that could be hardened focr high
abrasion resistance, |f the material is uniform in composition and structure,
the surface constitutes a layer only a few atoms thick and loses much of its
importance, Thus, in the usual means of measuring hardness, any such thin-
surface layer is penetrated and the hardness of the bulk of the material is
measured,

In general, hardness implies the resistance to deformation, Richards
(1961) defines technological hardness as ''the resistance of a material to
permanent deformation of its surface.' When metals are deformed or indented
the deformation is predominantly outside the elastic range and often involves
cons iderable plastic or permanent deformation, However, in dynamic hardness
measurements, the elastic properties may be as important as the plastlic
properties, In all types of hardness, the properties of toughness,
resilience, strength, and elasticity are involved to some degree,

Rock hardness is considered to consist of the resistance of rock to
the displazement of surface particles by a tangential abrasive force, as
well as its resistance to a normal, penetrating force, whether static or
dynamic, Rock hardness depends on substantially the same factors as tough-
ness, Toughness is governed by the efficiency of the matrix in binding
together the grains or minerals comprising the bulk of the rock, In addition,
rock toughness is a function of the grain strength or mineral toughness, The
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toughest rocks cermprise those having strong minerals embedded in a strong
matrix or ccacnt (Shepherd, 1851), Coth hardness and toughness dzpend on
the type of pinding forces betwszn atcns, lons, or molecules and increase,
Vike strength, with the magnitude of these forces, C[oth properties are
also)closa!y rclated to the yleld strongth of the muterial (Jastrzebski,
1853) .

2, TYPES GF MLAONESS AND THEIR PETHODS OF MEASURNEISHT

No other tests on materials approach in numbers the tests made under
the name of 'hardness tests'' as the criteria whereby materisls may be
classified or selected for special purposes (Williams, 1942), Hardness
measurements usually fall into three main categories: abrasion or scratch
hardness, indentation hardness, and rchbound or dynamic hardness, For
laboratory study of rocks, some form of abrasion hardness and the sclero-
scope rebound hardness have been investigated to the greatest extent,

a, Abrasion hardness

(1) Mohs' scale

Since 1824, Mohs' scale of hardness, although only relative in
nature, has been accepted universally as the method of measuring mineral,
and therefore, rock hardness, By use of Mohs' scale, the relative hardness
of a mineral can be determined, This scale consists of a group of minerals
having increasing hardness values from | to 10, Each mineral can be
scratched by those that follow it, and will scratch the preceding ones in
the scale, Minerals | and 2 cen be scratched by the fingernail; those 3
to 5 by the point of a knife, 6 cannot be marked by a knife but can by a
steel file, Number 7 can scratch glass, 8 scratches the file, while 9 is
only scratched by the diamond, which is assigned the highest hardness
number of 10,

Tabor (1954) showed tnat the Mohs' hardness scale gives scratch
hardness values which correspond to fairly well-defined indentation hard-
ness values, Each increment on the Mohs' scale corresponds to a 60%
increase in indentation hardness, excluding diamond, which is anomalous,
This regularity in behavior suggests that Mohs did not simply choose ''ten
common minerals arranged in order of increasing hardness,"but exper imented
until he had satisfied himself that he had obtained ''equality of intervals,"

Table 3,1 lists the minerals representing the ten steps of the:
scale, together with their crystal structure (Zwikker, 1954),

(2) Rock hardness based on mineral composition

Mohs' scale is obviously applicable only to minerals having
homogeneity, Each rock consists of several minerals; scratch tests based
on this scale are useless for determining the hardness values of hetero-
geneous bodies, Shepherd (1950) cites a method for measurement of composite
rock hardness, based on mineral hardness as obtained by the Mohs' scale,
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TABLE 3.1
MOHS' HARDMESS SCALE AND CRYSTAL STRUCTURE

After Zwikker (162h)

Mohs' Hardness

Number, Hy Mineral Formula Crystal Structure
] Talc 3MgO.hS|02 H,0 Layer
2 Gypsum CaSOh.ZHZO Layer
3 Calcite CaCO3 Layer
b Fluorite Caf, fonic
5 Apatite CaF )Ca3 2 8 fonic
6 Feldspar K 0 A1203 6S|0 Mixed ionic-covalent
7 Quartz SnO2 Mixed ionic-covalent
8 Topaz (AlF)ZSEOA Mixed ionic-covalent
9 Corundum A1203 . Covalent
10 Diamond c Covalent

This is done by multiplying the percentage of each mineral in a rock by
the Mohs' mineral hardness and dividing by 100 as follows:

S x M
H = oo (3.1)

in which H = hardness of the rock
S = percentage of mineral present
M = Mohs' number for the mineral

Thus, in a rock containing 74% quartz (7), 6% feldspar (6), and 20% mica (3),
the rock hardness would be 6,14, There are obvious disadvantages attached
to this method as a difficulty lies in obtaining 3 true estimation of the
mineral content, and errors in measuring hard-mineral content may seriously
affect the final results, Morecver, the type and strength of the mineral
bonds, which are very important in determining aggregate hardness, are not
cons idered in the procedure,

(3) Dorry abrasion test

A standard test for determining rock hardness, which was developed
by the Office of Public Roads and Rurail Engineering, U, &, Department of
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Agriculture, is the Dorry test (Jackeon, 181€), The Dorry hardness test is
performzd on a cylindrical sample of rock, 25 mm, in diam2ter, which is held
against a revolving, cast-steel disk under a pressure of 250 gms, per sq. cm,
(total load 1,250 gms.). Standard crushed quartz, sized between 30- and Lo-
mesh screens, is fed upon the revolving disk, Each end of the specimen is
worn eway in inverse ratio to its hardness, The loss in wzight, cbtained by
sveraging both ends after 1,000 revolutions of the disk, is an index of the
hardncss of the specimon,  In order to coupare the results with other
abrasien tests, the hardness cocfficient is calculated by subtracting one-
third of the loss in wzight frcm the constant, 20, Hardness values from
this test compare remarkably well with those obtained on the basis of
mineral composition (Gyss and Davis, 1927),

(4) Deval abrasion test

This apparatus consists of one or more hollow, cast-iron cylindrical
buckets, 20 cm, in diameter, and 34 cm, long, These closed buckets are mounted
together in a frame which supports them at en angle of 30 degrees to a hori-~
zontal axis of rotation., The test sample usually consists of about 50 pieces
of broken rock weighing 5 kg, After revolving the cylinders 10,000 times at
30 rpm, the amount of material finer than 1/16 in, is obtained and expressed
as a percentage of the original weight of the sample, The French coefficient
of wear is likewise used in reporting results and is calculated by dividing
the number 40 by the percentage of wear, The standard method of test for
abrasion of rock by the Deval machine is given by ASTM Designation: D 2-33,

(5) Other abrasion tests

(a) Burbank (1955) describes a device for determining the relative
abrasiveness of rocks, minerals, and ores, It ccnsists of a steel, single-
paddle impactor turning on a shaft at 632 rpm, The paddle strikes a column
of rock particles (4 1bs, per test) falling away from an outer, slowly
revolving, 13-inch-diameter drum. The loss in weight of the paddle, during
controlled test conditions, represents the abrasive action of the rock,

(b) A tentative method of test for abrasion resistance of concrete
is given by ASTM Designation: C L418-64T, This test consists of subjecting
the concrete to the impingement of air-driven, silica sand,

(c) Tentative methods of test for resistance to abrasion of small-
and large-size aggregates by use of the Los Angeles Machine are given by ASTM
Designations: € 131-64T and € 535-64T, respectively,

(d) A tentative method of test for relative resistance to wear of
unglazed ceramic tile by the Taber Abraser is given by ASTM Designation:
C 501-62T,

(e) A standard method of test for resistance of transparcnt plas-
tics to surface abrasion is given in ASTM Designation: D 1044-56, This
involves the measurement of the optical effects produced on transparent
plastics by the Taber Abraser,

(f) A standard method of test for plastic materials to withstand
mechanical abrasive action such as rubbing, scraping or erosion, is given in
ASTM Designation: D 1242-56,
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(g) A tentative test method for Bierboum scratch hardness of
plastic materials is given in ASTH Dcsignation: D 1526-58T, A known weight
is applied directly above an accuratcly-ground, diamond point, mounted on
the end of a lcaf spring, The spocinen is moved laterally cousing the
point to cut a grcove in the surface, Thz index of hardness is calculated
from the weight applicd end the mcasurcd width of the groove,

b, Indentotion hordnzss

Since about 1500, a wide variety of penetrator sizes and loading
devices have been used for the static indentation hardness of metals, in
which the depth, areca, or diameter, of an impression under a known load is
measured, Summar.es of these and comparisons of several of the standard
tests are given by Devries (1911), Lea (1936), Williams (1942), and Tabor
(1951), Essentially, three penetrator shapes are used in all of these
tests; indenters are either spherical, conical, or pyramidal, Spherical
indenters are used in the Brinell and Rockwell tests; conical indenters are
used in the Rockwell and Ludwik tests; and pyramidal indenters are used in
the Knoop ard Vickers tests, Loading varies from as little as 7 kg, in the
Vickers test (Brace, 1960) tc as much as 3,000 kg. in the Brinell test
(Tabor, 1951), A description of the standard method of test for Brinell
hardness of metallic materials is given by ASTM Designation: E 10-65,
Standard methods of test for Rockwell hardness and Rockwell superficial
hardness of metallic materials are given by ASTH Designation: E 18-65,

The standard method of test for diamond pyramid hardness of metallic
materials is given by ASTH Designation: E 92-65,

More recently, indentation hardness tests have been performed on
minerals and rock materials, Knoop, Peters, and Emerson (1939) determined
the Knoop hardness numbers for the standard minerals of Mohs' scale, The
hardness ratio of diamond and quartz on this basis is 8:1 rather than 10:7
as given by Mohs' scale, King and Tabor (1954) compared hardness with
compressive strength of halite, Brace (1960) reports indentation tests on
polycrystalline, monomineralic, isotropic samples of four rock types using
a Vickers indenter, with loads from 7 to 75 kg, Kraatz (1964) performed
Rockwell hardness tests on samples of 24 different rocks from the present
study,

Another type of indentation tester is the durometer, This is
described in the standard method of test for indentation hardness of plastics,

ASTM Designation: D 1706-61,

¢, Rebound or dynamic hardness

Dynamic hardness of a material may be defined, by analogy with static
hardness, as the resistance to local indentation when the indentation is pro-
duced by a rapidly moving indenter, In most practi:zal methods, the indenter
is allowed to fall under gravity onto the surface, It rebounds to a certain
height and leaves an indentation in the surface,

A review of the literature on rebound-hardness testing of materials,

indicates that several methods have been developed and put to various applica-
tions, Greaves (1909) describes the Shore scleroscope, in which the relative
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height of rebound of a diemond-tippad hemmar falling fresly on @ horizental,
plane surface, is a mcasure of the hardness of the material, Griffith (1937)
end Obart ot a), (1S16) used the scleroscope in obtaining hardness values in
thelr studies on the physical properties of rock, Wolansky (1842) reports use
of the sclcroscope in Gzrmany in an attempt to obtain rcliable and cemparable
values for the hardness of rock, particularly with respect to drillability and
workability, Shopherd (1250) used the Shore scleroscope for rock-hardness
measurcronts in studying physical preperties and diillability of rock,

Vuerker (1553), in plotting data from the U, §, Burcau of Mines for a group

of more than 100 rocks, gives thrcz equations for describing the relation of
compressive strength to Shore hardness, He further suggests that since the
scleroscope test is fast and inexpensive, it could be useful for determining
strength and other physical data, outside of the testing laboratory, Kapadia
(1951) correlated scleroscope hardness with elastic and strength characteris-
tics of a limited number of rock types, Gilbert (1954) determined the sclero-
scope hardness of single crystals of Mohs' scale mineral, and found an approxi-
mate, linear relationship, in the range of two to seven, inclusive, Harvey
(1963) describes a specially-designed instrument for determining the relative
impact resistance of limestones and dolomites of various textures, He con-
cluded that the resistance to impact for these rocks is controlled by the
porosity and size of crystals composing the rock,

3. TJOUGHNESS AND RESILIENCE

Because of the apparent connection between hardness, toughness,
resil ience, strength, and elasticity, it is appropriate to discuss briefly
the properties of toughness and resilience,

a, Joughness

Toughness primarily reflects the ability of a material to absorb energy
during plastic deformation, In a static test, this energy is measured by the
area under the stress-strain curve, which represents the work required to
fracture the test specimen, The specific property, modulus of toughness, is -
the maximum amount of energy a unit volume of the material can absorb without
fracture; it is expressed in inch-pounds per cubic inch, The modulus of
toughness, M., can be estimated, for materials that indicate a parabolic-
shaped stress-strain curve, i.,e,, cast iron, concrete, et cetera, by multi-
plying two-thirds of the ultimate strength, o (ult,), by the strain at
failure, €¢, as follows:

2
Mt -3 05 (uit,) x € (3.2)
It can be seen that materials of high toughness must have high strength and
high ductility, Brittle materials usually have low toughness since they show
only small plastic deformation before fracture (Jastrzebski, 1959).

A simple method for measuring the impact toughness of rock is
embodied in the Page impact machine, The impact test is made on carefully
prepared cylinders of intact rock, 25 mm, high by 25 mm, in diameter, A
weight of 2 kg, is permitted to fall vertically between parallel guides,
upon a spherical-ended plunger weighing | kg,, which rests in contact with
the specimen, The height of the first blow is | cm, and each successive
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blow thereafter is incrcased in height by 1 em, The height in centimeters
of the blow at failure is recorded as the toughness of the material, The
standard mothod of test for toughness of rock by this method is given in
ASTH Designation: D 3-18, Obert et al, (19L6) uscd ihis procedure, with
slight modification, in standardizing tests of minz rock,

From data chtaincd by tha U, S, Departmont of Agriculture with the
Page impact machinc, Gyss and Davis (1927) have coupiled a table comparing
relative values of toughness with relative wear (i.e., relative resistance to
wear), These dota are plotted in Figure 2,1, The property of rock toughness
is also seen to be related to rebound hardness, This is indicated by the
relationship in Figure 3,2 between abrasion and Shore hardness, since both
Figures 3.1 and 3.2 have a measure of abrasion hardness plotted as the

ordinate,
b. Resilience

"The capacity of a material to absorb energy in the elastic range is
designated as its resilience' (Jastrzebski, 1959), The modulus of resilience
is equal to the area under the elastic portion of the stress-strain curve and
is defined as the strain energy absorbed per unit volume when the material is
stressed to its proportional limit, The two properties, strength (here yield
strength) and elasticity, which seem to influence resistance to compression
most, both occur in the following formula for modulus of resilience:

asiyiz
N i (3.3)
in which M_ is the modulus of resilience in inch-pounds per cubic inch, and
aé(y) is tge yield strength, This equation indicetes that for a high modulus
of resilience the material should have high yield strength and low elastic

modulus,

The term resilience should not be confused with modulus of resilience.
Within the proportional limit, the resilience is equal to the external work
put into a material during deformation, Thus the total resilience of a
material is the product of its volume and the modulus of resilience (Eshbach,
1952). A low resilience is desirable for good damping, and high resilience
for low internal heat generation (Richards, 1961).

The moduli of resilience in compression, of some typical rocks tested
by the U, S. Bureau of Mines (Windes, 1949), are represented graphically in
Figure 3.3, The sample of concrete of conventional mix is shown for purpose
of comparison. The values of the moduli of resilience of the various speci-

mens in the plot are:

Rock M, (in-lb/in3)
Jasilite Lh8.0
Her tite ore 134.0
Amphibol ite 1245
Ma: ~le 66.3
Sandstone 62,5
Concrete 5.0
21
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The concept of strain-energy expressced by M., which is equal to the area
under each of the stress-strain diagrams herein, shows clearly the influence
of the two variables, strength and elasticity, on the failure of these parti-
cular rocks, Although the marble and the sandstone have about the same
modulus of resilience, it is evident from the generalized stress-strain
diagrems in Figure 3,3 that the former sustains a much higher load and a
smaller deformation, The overall energy in either case is theoretically
about the same, It should be noted that only in exceptional cases (in the
static determination of the modulus of elasticity of rocks) are straight-1ine
relations between stress and strain obtained (Wucrker, 1953).

4, HARDNESS AND OTHER PHYSICAL PROPERTIES

Because of the highly complex state of stress around an indentation,
there is no way of relating hardness measurements to each other, or to other
mechanical properties on the basis of theory, However, in view of their
similarities, different types of hardness numbers can be related to each
other empirically for any given material, Qualitatively, we might also expect
some sort of correlation between hardness and other properties involving
about the same amount of deformation (Richards, 1961),

a, Relationship between abrasion hardness and compressive strenqth

Data obtained by the U, S, Bureau of Mines (1949-1956) are plotted in
Figure 3.4, and indicate a reasonably consistent proportionality between
abrasion hardness and compressive strength, This plot is remarkably similar
in shape to Figure 3.2, It can be concluded from these plots that compres-
sive strength and Shore (scleroscope) hardness may be linearly related,

b, Relationship between indentation hardness, compressive strenqth,
and modulus of deformation

Brace (1960) compared the indentation hardness and compressive strength
of limestone, marble, anhydrite, and artificial rock salt, He used a 136°
Vickers pyramidal indenter which produces an approximately hemispherical,
deformed zone beneath the surface indentation, By means of model analysis and
elastic theory, approximate stress and strain fields were determined for the
deformed zone, from which average values of stress difference, confining
pressure, and strain were determined, These three quantities zgreed fairly
well with a point on a stress-strain curve obtained from a confined compres-
sion test of a cylinder of the same material, Brace concluded that, for
nearly all incompressible isotropic materials, strength is about one-third
of the hardness (kg/mmz); and that for rocks, this strength is the stress
difference which can be supported at a confining pressure of about one-sixth

of the hardness,

Kraatz (1964) performed Rockwell tests using a major load of 150 kg,
and a 1/2-inch diameter steel-ball indenter, He found an approximately
linear relationship between compressive strength and Rockwell number for
rocks having strengths of less than 12,500 psi, Similarly, a ]inear rela-
tionship was indicated for tangent modulus values below 6 x 10° psi, Above
these limits, the Rockwell number remains essentially constant irrespective
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of increased strength and modulus, Kraatz concludzd that the effective
range of the Rockwell equipment was exceeded above these limits,

¢. Relationship between rebound hardness and comnpressive strenath

Griffith (1937) obtained data on the physical properties of approxi-
mately 100 typical American rocks, and formulated much of these data eanalyti-
cally into simple working formules, In corrclating tho uniaxial compressive
strength dota with rebound hardness, as determined by the Shore scleroscope,
Griffith suggested the following relation:

Sc = 300 H (I £7% (3.4)

in which S. = compressive strength in psi
H = scleroscope hardness in scleroscope units

The data obtained by Griffith are replotted in Figure 3,5, Griffith’s
suggested '‘average'' line is shown, although different symbols have been
used for the two parameters as follows:

oy (ult,) = 300 S, (3.5)

in which o, (ult) = compressive strength in psi
Sp, = Shore (scleroscope) hardness in scleroscope units

The same variables have been plotted from a group of nearly 250 rock
specimens, tested by the U, S, Bureau of Mines (1349-1956). Wuerker made
the same plot in 1953 for the first 100 or this group, Figure 3,6 indicates
that the average relation between compressive strength and Shore hardness is
described by the equation:

g (ult.) = 400 S, (3.6)

Griffith's formula forms a lower limiting range for these rocks, while the
upper range, as suggested by Wuerker (1953), is formed by the line:

oy (ult,) = 500§, | (3.7)
Many of the very high strength rocks tested by the U, S, Bureau of Mines lie

above this, and suggest (as Wuerker did) that a parabola would probably fit
the plotted values better than a straight line,

The L/D ratios of the USBM specimens were 1:1, If we assume that
Griffith's specimens were 2:1, and apply the correction recommended by ASTh
Designation: € 170-50 for relating the compressive strengths of specimens
of different L/D ratio's, the average line for the Griffith data is:

oy (ult,) = 340 S, (3.8)

This is in somewhat better agreement with the USBM data for the lower Shore
values; however, equation (3.6) provides the vetter average relationship for
all values,

The Shore (scleroscope) hardness test is rapidly performed, inexpen-
sive, and nondestructive, These data suggest the desirability of attempting
to establish the general application of this test, or one of similar nature,
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for estimating othar physical prepertics of rock, The significant relation-
ships might then be used as a basis for an engincering classification for
Intact rock specimans,

5., pBrnnorng £U0 phLLANg

Economic and efficlent breaking of rock is governcd to a very great
extent by the successful application of rock drills, whether they consist
of the percussive or rotary type, Cacause of the many variables involved,
this subject has been somewhat difficult to interpret by fixed rules governing
the amount of energy that must be used to drill any particular rock stratum,
So-called 'hard rocks' have been drilled easily compared with softer rocks
because of their more brittle and chipping characteristics, For example, a
hard igneous or metamorphic rock may be drilled more efficiently than a com-
pact limestone (Shepherd, 1¢50),

The word hardn2ss &s used in the drilling industry, has a variety of
meanings which depend upon the type of drilling method employed, The term,
'hard rock", is generally used to describe a geological formation which for
any recason is difficult to drill, In diamond drilling, hardness is inter-
preted as resistance to abrasion, In percussion drilling, the term implies
resistance to impact or indentation; while in rotary drilling, hardness is
cons idered as analogous to compressive strength, Although these may be con-
flicting variables for different types of rock, the term hardness is applied
indiscriminately by the industry for the resistance of rock to penetration by

any type of drilling technique (Mather, 1951),

The volume of blast- and bore-hole drilling done in the mining, oil,
and construction industries is exceedingly great, Hence, the problem of
increasing drilling efficiency takes on a great deal of significance,
Drilling efficiency depends on the mechanical properties of rocks, the
drilling tools, and the men who do the drilling (Protodyakonov, 1963),

Extens ive research has been conducted by manufacturers of various drilling
rigs, drill steel, bits and other equipment, in order to determine the most
suitable types for drilling in certain strata, However, until the last 15
years or so, very little research has been concerned with the more fundamental
aspects of drilling and the influence of the physical characteristics of rock
on the vague property 'drillability,"

Some of the studies which have dealt with this problem have been
concerned with the basic processes by which energy is transmitted through
the system into the rock during percussive drilling (Hartman, 1959; Fair-
hurst, 1961a)., Others discuss the mechanism and fundamentals of rock
failure under impact and percussion (Pennington, 1954; Singh and Hartman,
1961) ; and the mechanics of rock penetration and fragmenmtation with both
percussive and rotary drilling systems (Fairhurst and Lacabanne, 1957,
Cheatham, 1958; Appl a~d Gatley, 1961), Correlation of physical property
tests with force-displacement data was used by Reichmuth (1963) as the basis
of a new theory concerning the sequences of failures produced by penetration
of a wedge into brittle materials,
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Some Investigators have felt that although 2 kncwledge of the physical
properties is helpful, in genzral, physical properties arce not @ reliable
guide to drillability, Rollow (15563) suggosted that the best way to mzasure
formation drillability, with respect to rolling cutters, is to 'drill with
rolling cutters,' Rz describes a loboratory test, wharcby drillability can

be predicted on the basis of drilling small sexalos with a2 1 VWi-inch dicuster
micro-bit, Ly drilling rock-formation serples with this micro=-bit, and
measuring drilling rate ond tecoth wear, estimstes con be made of large bit
performance, First use of the micro-bit was reported by Scott (19%6) to
assist in correlating the drillability of rock with the crushing strength,
Head (1951) used a micro-bit in establishing a drillability classification
for 15 geological formations,

Mather (1951) indicates that the principal cause of confusion in the
literature dealing with rock drilling can be attributed to varying defini-
tions of the hardness factor of rock and cutting media, Although none of
the atove referenced research was directly concerned with a study of hard-
ness properties as such, use of the micro-bit actually involves all three
types of hardness, i,e,, abrasion, indentation, and dynamic or impact,

Other investigators have felt that hardness is closely connected to
drillability and have made attempts to discover this relationship, with
varying degrees of success, Protodyakonov (1963) states that it is essential
to know the hardness, plasticity (deformability), and abrasivity, in order to
characterize the mechanical properties of rocks in drilling, For determining
the strength of rocks, he describes a pounding technique for breaking up rock
in which an empirical strength coefficient is obtained, He estimates defor-
mation from Shore hardness tests, by use of equation (5.6) herein, Hardness
and abrasivity are evaluated by means of a specially-devised drilling
apparatus, (Protodyakonov does not make a clear distinction between his
various uses of the word, hardness,) Head (1951) conducted limited tests
using a Knoop indenter, in order to determine the relationship between the
drillability of seven different geological formations and the hardness of
specimens from these formations, He concluded that no consistent relation-
ship exists between the hardness and drillability of the tested formations,
but, rather, that drillability is more related to the manner in which the

hard crystals are bound together,

Rebound hardness tests have also been investigated to determine
their application as an index of drillability, Wolansky (1949) made use
of the scleroscope in Germany for obtaining reliable and comparable values
for the hardness of rocks, particularly with respect to drillability and
workability, An interesting comparison between results obtained by thé use
of various makes of scleroscope was made and it was concluded that the Shore
instrument gives the most reliable results, |t was further concluded that
the scleroscope can be usefu! for indicating drillability, if comparative
values are emphasized, rather than absolute numbers, Shepherd (1950, 1951)
performed original research on the c-illability of rocks, in order to com-
pare the resistance to penstration and to correlate the results with the
physical properties, He discusses the use and limitations of hardness tests
when applied to drilling, and concludes that scleroscope readings, unless
correctly analyzed, give no useful guide to rock drillability,
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The next section describes the laboratory studies which were per-
formed in order to obtain specific values for comparison of physical
properties of selected rock types under controlled conditions, Among the
numerous tests conducted were two types of rebound hardness measurements,
énd a new (but as yet unperfected) method for measuring abrasion hardness,
Indentation hardness tests for the majority of rocks from this study were
performed by Kraatz (1962); therefore these tests were not repeated in the

present study,
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SECTION L
EXPERIMENTAL STUDIES

1, GeNEReL

The compressive strengths, elastic preperties, senic velocities,
various types of hardncss mcasurements, and other physical preperties, ware
determined for rocks from 27 localities, Thirveen geologically distinct
rock types are represented, Selection of the rocks was primarily limited to
the common types most likely to be encountered in civil enginecering projects
within the United States, Other rocks -- marbles, rock salt, tuff, and
Solenhofen |imestone -- were selected because of their-research interest,
either in the laboratory or in the field,

All tests reported herein were performzd on intact, cylindfical rock
specimens, macroscopically hcmogenecous and free from fractures, joints, and
seams, The specimens were prepared from diamond-drill cores from field
projects, or from core drilled in the laboratory from rough, quarry blocks,
All cores were standard NX-size, having a nominal diameter of 2 1/8 inches
and, for the most part, oriented at right angles to the bedding planes., The
cores were cut approximately to length with a diamond cut-off saw, and then
the ends were lapped, All test specimens had a standard length to diameter
ratio of 2:1, A totel of 257 specimens wecre prepared and tested in this

investigation,

2, DESCRIPTION OF ROCKS

A list of the rock types and the number of specimens of each type are
given in Table 4,1, These are listed in numerical order by group numbers
which were assigned and maintained for identification throughout the program,
The group number is somewhat arbitrary, but consists of assigning consecutive
integers to each geologic rock type listed alphabetically (basalt, diabase,
etc,). Rocks from different locations, but of the same type, are given a
second number following a decimal point in the group number, Thus, for exam-
ple, the Berea sandstone is numbered 10,1 and the Navajo sandstone is 10.3,
The town or city nearest to the project site or quarry from which the rock
was obtained is also given in Table 4,1,

Petrographic analyses were conducted on thin sections oriented at
right angles to the axis of a representative core specimen from each group,
The thin sections were ground to 30 microns (t § microns tolerance) and
covered with 22 x L0 mm, glass cover-plates, The thin sections were examined
with @ Zeiss petrographic microscope., A mechanical point counter was used to
determine the mineral percentages of most of the rocks, except for some of
the essentially monomineralic sedimentary and metamorphic varieties, The
spacing of the counter, and the number of counts per section were varied at
the discretion of the operator, depending upen the 5rain size, so that the
best statistical averages were obtained,
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to
L,

.1
1.2
1.3
z,1
2,2
2.3
3.1
3.2
3.3
L
5.1
5.2
5.3
6.1
6.2
6.3
7.}
7.2
7.5
8.1
9.1
10,1
10.2
10,3
i1
11,2
13.1
14,1

TACLE &1

LIST OF f2SK

Brek Toon (1-ms)

Basalt (Leoar Sropite)
Baszlt (Little Goose)

Basalt (Jchn Day)
Diabase (Palisadcs)

Diabase (Coggins)
Diabase (French Creek)
Dolomite (Cnicota)
Dolomite (Lockport)

Dolomite (Conne Terre)
Gneiss (Dworshak)
Granite (Pikes Peak)
Granite (Pikes Peak)

ranite {Barre)
Limestone (Bzdford)
Limestone (Ozark Tavernelle)
Limestone (Solenhofen)
Marble (Taconic VWhite)
Marble (Cherokee)
Marble (imperial Danby)
Quartzite (Baraboo)
Rock Salt
Sandstone (Berea)
Sandstone (Crab Orchard)

(Diamond Crystal)

Sandstone (Navajo)
Schist (Luther Falls) 4
Schist (Luther Falls) ni
Siltstone (Hackensack)

Tuff (NTS-C Tunnel)

Vel5

Location

Pullrmn, Vashington

Walle Yzlle, Washington
Arlington, Oregon

West Nyack, New York
Culpeper, Virginia

St, Pcters, Pennsylvania
Kasota, Minnesota

Niagara Falls, New York
Bonne Terre, Missouri

Orof ino, ldaho

Colorado Springs, Colorado
Colorado Springs, Colorado
Barre, Vermont

Bedford, Indiana

Carthage, Missouri
Solenhofen, Bavaria

West Rutland, Vermont
Tate, Georgia

West Rutland, Vermont
Baraboo, Wisconsin
Jefferson Island, Louisiana
Amherst, Ohio

Crossville, Tennessee

Glen Canyon, Arizona
Unknown Origin

Unknown Origin
Hackensack, New Jersey
Kercury, Nevada

Total
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Photomicrogrophs of the thin sccticns wore filmad on 8 Zelss '"Ultra-
phot 11" camera-microsccpe using Poleroid & x 5 shests {type 55 positive/noga-
tive), The petrogrephic descriptions end photemicrogrephs are preseated in
Appendix A,

A brief description of a typi imcn, from each of the 20
rock sanples studicd in this invosti
grophs e

&
et

cal
gation, i

1.1 Basalt (Lewmr Eropite), Pullusn, Vochington

Dark gray, mossive, coipact to vesicular basalt; interlocking,

crystalline texture, Core samples from dam-site on the Snake
River,

1.2 Basalt (Little Goose), VWalla Walla, Washington
Very dark gray, massive, compact to vesicular basalt; interlock-
ing, crystalline texturc, Core semples from dem-site on the

Snake River,

1.3 Basalt (John Day), Arlington, Oregon
Very dark gray to black, massive, compact to vesicular basalt;
interlocking, crystalline texture, Scme flows of this rock are
very highly vesicular; however, the specimcns selected for test-
ing contained few or no vesicles, Core samples from dam-site
on the Columbia River,

2,1 Dishase (Palisades), Mest Nyack, New York
Black with lighter gray, speckled appearance, medium-grained,
dense, massive dicbase; tightly-interlocking, crystelline
texture, Block sanple from Kew York Trap Rock Corporation
quarry, located in sill intrusion in Kewark Group of Late

Triassic age.

2,2 Dpiabase (Cogqins), Culpeper, Virginia
Dark gray with lighter gray, speckled appearance, medium-
grained, dense, massive diabase; tightly-interlocking,
crystalline texture, Block sample from Coggins Granite
industries quarry in Allegheny Mountains near Culpeper,

2.3 Diabase (French Creek), St, Peters, Pennsylvania
Dark gray to black with !ighter gray, speckled appearance,
medium-grained, dense, massive diabase; tightly-interlocking,
crystalline texture, Block sample from French Creek Granite

Company, Inc,

3.1 Dolomite {Oneota) K Kasota, Minnesota
Buff, finc-grained, massive, porous dolomite; slightly mottled
appearance from small, irregular, white veins of calcite; pre-
dominantly granular, interlocking texture, Block sample from

Thne Babcock Campany,

3.2 Jolomite (Locknort), Miagara Falls, New York
Gray to dark gray, very fine-grained, slightly porous, massive
dolomite, containing small infrequent blebs of anhydrite;
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3.3

LR

5.1

5.2

5.3

6.1

6.2

6.3

Faid

texture intermcdiate hctween cemented-greonular and inter-
locking crystalline, Block semple from Niagara Stone Division,
Mclain Industries, Inc,

Dolonite (Sonne Terre), Bonne Terre, Missouri

Yellowish buf, extra fine-grained, compact-dolomite, cnntaining
numercus, narrow to very fine calcite-filled fracture veins that
are vell-hcaled; interlocking, crystalline texture, Block
sarple from Valley Dolomite Corporation,

Greiss (Duorshak) ) Orofino, ldaho

Black and white, fine- to medium-grained granodiorite gneiss,
with foliation making an angle of 45° with the ax's of the core,
Somewhat interlocking, foliated, crystalline texture, Core
samples from dam-site located in the Orofino series on the North
Fork Clearwater River,

Granite (Pikes Peak), Colorado Sprinas, Colorado
Predominantly pink with small, irregular, dark patches of bio-
tite mica, coarse-grained, weathered granite; interlocking,
crystalline texture, Core samples from NORAD project,
Cheyenne Mcuntain,

Granite (Pjkes Peak), Colorado Springs, Colorado

Gray and pink, fine- to medium-grained, fresh, dense granite;
tightly-interlocking, crystalline texture, Core samples from
NORAD project, Cheyecnne Mcuntain,

Granite (Rarre), Barre, Vermont

Uniform gray, black, and white, medium-grained, fresh, dense
granite; interlocking, crystalline texture, Block samples from
Rock of Ages Corporation,

Limestone (Bedford) , Bedford, Indiana

Very light grayish buff, slightly porous, oolitic bioclastic
limestone; cemznted texture of rounded fossil shells, Block
sample from Indiana Limestone Company, lInc,

Limestone (0zark Tavernelle), Carthage, Missouri

Light uniform gray, fine-grained, compact limestone, containing
numerous fossil shell fragments; cemented, crystalline texture,
Block sample from Carthage Marble Corporation,

{Solenhofen), Solenhofen, Bavaria
ish buff, extremely fine-grained, massive, 1ithographic

centaining lighter, thin, uniformly distributed 'bed-
caks, Tight, interlocking, crystaliine texture, Block
e feon U, 8, Geologicai Survey necessitated coring parallel
LSing becouse of size and shape,

H
i

D, - i

=
5
e,
3

Y ite) ) Wast Rutland, Vermont
, uniform, fine-grained, massive, saccharoidal
~interleeking, crystalline texture, Block

crimont Marble Company,
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7.2

7.5

8.1

9.1

10,1

10,2

10.3

11.2

Marble (Chergknc), Tate, Georgia

Light grayish white, medium- to coarse-grained, massive marble;
tightly-Interlocking, crystalline texture, Block sample from
the Georgia Marble Company,

Marble (lrnarial_Danby), West Rutland, Vermont

Cft-white, mcdium-grained, massive marble, containing infreguent
patches of dark iwpurities; tightly-interlocking, crystelline
texture, Olock semple from Vernont Marble Compony.

Quartzite (Barabeo), Baraboo, Wisconsin

Pinkish gray to purple, fine-grained, brittle, semi-vitreous,
mass ive Pre~Cambrian quartzite, containing numerous undulatory
beddin3y surfaces; tightly-interlocking, crystalline texture,
Block sample from Baraboo Quartzite Company, lInc,

Rock Salt (Diamond Crystal), Jefferson Island, Louisizna
Grayish white, translucent, very coarse-grained, massive rock
sait; interlocking texture, Block sample from Diamond Crystal

Salt Company,

Sandstone (Berea), Amherst, Ohio

Light gray, fine-grained, massive, slightly porous sandstone,
containing very fine, light orange, uniformly to randomly dis-
tributed flecks; cemented to partially-interlocking texture of
subangular to rounded quartz grains, Block sample from Cleveland
Quarries Company.

Sandstone (Crab Orchard), Crossville, Tennessee

Light reddish brown, very fine-grained, compact quartzose sand-
stone; tightly-interlocking texture, Core axis parallel to
bedding planes., Block samples from Luther Falls Stone Company,
Urbana, I!linois, and Crab Orchard Stone Company, Inc,

Sandstone (Navajo), Glen Canyon, Arizona

Orange-red to brown, porous, fine- to medium-grained, friable
sandstone; loose hematite-cemented texture of subrounded quartz
grains, Core samples from dam-site on the Colorado River,

Schist (Luther Falls) . , Unknown origin

Light to dark gray quartz-mica-schist, Extreme crenulations
visible on sides of ccre specimens, which were cored perpendicu-
lar to the foliation, Numerous garnets visible throughout,
interlocking, crystalline quartz texture, interspersed with
micaceous foliation planes, Block sample from Luther Falls
Stone Company, Urbana, Illinois, Exact origin is unknown;
however, this schist resembles the Manhattan schist in essen-

tially all respects,

Schist {Luther Falls), 1 Unkncwn origin
Description as above except axis of each core parallels folia-

tion planes,
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13,1 Siltston» (iackensack) ) Hackenmsack, Now Jersey
Dark rcddish brown, massive, compact, clayey siltstone; scme
more sandy and some more shaly phases; clay- and hematite-rich,
cemented texture, Core samples from frozen-in-ground gas
storage facility in Hackensack Kcoadows, located in Mewark Series
of Triassic age,

W, 1 Tuff (H7S-E Tunnel), Kercury, Nevada
Very ligiht pink, porous tuff, containing uniformly-distributed,
white, dark gray, and & few random, brown, lithic fragments;
cemented toxture and a very low-density rock, Block sample
from Kevada Test Site,

3. PREPARATION OF TEST SPECIMENS

Rock samples were obtained either as NX-size cores from the field, or
as block quarry samples which were then core-drilled in the laboratory, In
both cases, the samples were in an air-dried state, The standard NX-size
core, as accepted by the Diamond Core Drill Manufacturers Association, hes a
diemeter of 2,155 inches * ,005 inch, The field cores received for this study
were in most instances slightly below these limits; the smallest diameter
being 2,070 inches, Laboratory cores were almost uniformly 2,160 inches in
diameter; the largest size cores were 2,165 inches,

Block samples were in nearly all cases quarry-sawed, having dimen-
sions on the order of I-foot square and approximately 5 to 7 inches in
thickness, Samples which were irregular or larger than this were cut tc
the desired dimensions by means of a 30-inch-diameter, water-cooled,
diamond-abrasive, cut-off wheel,

a, Laboratory core drilling

Coring of the block samples was accomplished by a large, modified
shop drill press, fitted with a special diamond-core bit, The drill press,
which is illustrated in Figure 4,1, was manufactured by The Fosdick M, T,
Co., Cincinnati, Ohio, It is equipped with a 24-inch-square table with edge
drains, and has a 2 1/2-inch-diameter spindle with 6 inches travel for any
cne run, Both the head and the table may be raised and lowered as desired
for maximum flexibility in sample size, The throat dimension is 12 inches,
The drill is powered with a l-horsepower, 3-phase, 60-cycle, 22C-volt,
1730-rpm, Allis-Chalmers induction motor, Drill speeds can be varied when
required as follows: 225, 370, 480, 800, 1685, and 1800 rpm,

The drill press is fitted with a large, water-coolant swivei /%33
Jacobs taper on spindiz! and high-pressure hoses for supplying large
volumes of water directiy from the domestic, water-supply line, Recircula-
tion o” the coolant is zossible by means of an electric pump from the drill-
press sump; however, thic did not prove to be satisfactory because ths volume
and pressure were too low. An 8-inch-diameter aluminum pulley is mounted on
the hand-feed whesl by mear. of which a cable and a weight system provide
constant load on the drill zit, as desired,
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For successful core drilling, it w1 ve tnat the block sample
be securely clamped in place, A clamy : ~ which was found to be
entirely satisfactory is illustrated in = .. tigures 4,1 and 4,2, This
consists of two 10- to 12-inch steel 'ha:rpin' clamps, bolted to the slotted
table-top with two 12-inch long bolts, Each clamp is supported at one end
by a 2 x 4 wood block; the opposite end holds down the sample, In order to
help align the block sample and provide rotational resistance, sieel angles
are placed on two sides of the block and bolted to the table-top as well,

The drill bit used for all laboratory-drilled core was manufactured
by Anton Smit & Co,, Inc., New York, This is a core-matic ''glass’ drill (so
named because of its designed use for cutting holes in plate glass), An
annular, diamond-impregriated 1 ing extends 3/16 inch below the bottom of the
hollow, steel-tube, drill body, Because the thickness of this annular
cuttang ring is approx:mately 1/16 inch, a minimum amount of power and
drilling pressure is required, thf:cu‘ty was experuenced initially,
during drilling of soft limestone and mzrble specimens wnth this bit,
Circumferential ridges were obtained all the way down the sample, even
though constant loading was applied through all ranges of drilling speed,
The ridges were found to be caused by irregular, weld-metal surfaces on the
inside root of the annular diamond cutting ring, This was remedied by first
coring several specimens of quartz-bearing rocks (granite or quartzite) in
order to ''clean up'' the inside surface of the bit, Later, the manufacturer
was careful to correct each bit before shapment The drlll -bit size, used
throughout the investigation, was 8 inches in length and 2,155 (% 005)
inches inside diameter,

The most satisfactory drilling speed was generally found to be 225
rpm (the slowest available), particularly for the softer rocks such as the
Bedford 1 imestone, The denser diabases appeared to drill a little more effi-
cienxly at 370 rpm, although no method to evaluate this was established,

With a reasonably new bit and a weight of 45 pounds on the pulley cable, a
6-inch lcng spec:men of limestone generally required 6 to 8 minutes for drill-
ing, The same size specimen of diabase, with 75 to 100 pounds weight,

required 15 to 25 minutes, A specimen of Barre granite required 20 to 45
minutes with the same weight, The most difficult specimens to drill were
those from the Baraboo quartzite, With a maximum of 135 to 150 pounds

weight, these specimens required approximately 30 minutes to 1 hour to drill
with a new, sharp bit. The fifth or sixth consecutive specimen with the

same bit required up to 2 hours,

Water was used as a coolant for drilling all rccks except one, Com-
pressed air was fed into the coalant swivel for drilling rock salt, This
proved to be relatively satisfactory, although the bit heated con5|derably
(too hot to touch), The operator was equipped with goggles and a respirator,
A large, commercial vacuum-sweeper, intake nozzle was installed above thz
drill bit to minimize the dust during this operation, Because of the neces-
sity for stopping intermittently to allow the bit to cool, approximately 30
to 45 minutes were required to drill each specimen of rock salt, 6 inches
in iength,
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b. Sewine %tu lenqgth

All core samples ware cut to a length of approximately L& 38 inches
with a diamond saw blade, The saw, which is illustrated in Figure b,}, is
a Model J-3 Rock Slab Saw, manufacrured by the Highland Park Manufacturing
Co., South Pasadena, California, This saw has a [€-inch diameter, 750-rpm
constant-speed, diamond blade, and is equipped with a 3-speed, power feed
and automatic, cut-off switch, Power for the saw is provided by a 1/2-horse-
power, heavy-duty, General Electric motor, The cutting solution and coolant
for the blade consists of a mixture of soluble oil (20%) and water (80%).
The coolant is placed in the saw bex cr tank to a depth sufficient to immerse
the rim of the blade 3/8 inch,

In order to prevent (or at least minimize) the cutting solution from
being absorbed by the sample during sawing, all samples were soaked in water
for at least 15 minutes prior to this operation, Those samples which had
just been drilled were effectively soaked under pressure, This procedure
proved to be quite satisfactory for all rocks except the more porous, Navajo
sandstone, A bar of hand soap was used to provide a temporary, relatively
impermeable coating over these specimens., The soap was removed by soaking
in water following completion of sawing, The rock salt specimens were cut
"dry,'" after lowering the level of the coolant in the saw box below the
bottom of the blade,

Just as in drilling, the specimen must be rigidly secured during
sawing, This is effectively accomplished by the vise on the saw carriage,
a close-up of which is shown in Figure 4.4, Rate of sawing can be adjusted,
depending upon the abrasive or other hardness characteristics of the rock,
The softer limestones and tuff are cut at the faster rate, which requires
about 6 minutes for a single cut thrcugh an NX-size specimen, The quartz-
bearing granites and quartzites are cut at the slowest rate, and require
about 12 to 15 minutes per cut, The diabases, basalts, and harder sandstones
are cut at the medium rate of about 10 minutes per cut, Use of these pro-
cedures provided smooth, right-angle cuts, relatively free of saw chatter
marks,

c. Lapping the ends

in order to obtain polished, flat surfaces, the ends of all specimens
were lapped., A Lapmaster, Model 12 lapping machine, manufactured by the
Crane Packing Company, Morton Grove, lllinois was used for this purpose, In
the lapping process, a compound consisting of No, 1800 aluminum-oxide abra-
sivc in an oil-based, lapping vehicle is spraycd onto the surface of a
circular, serrated, rotating lap plate, One specimen is placed in each of
three, close-fitting, aluminum, cylindrical core holders, which are slightly
shorter than the finished specimen, The aluminum cylinders containing the
specimens fit loosely inside the three conditioning rings, which rest directly
on the rotating, serrated lap plate, A circumferential lip on the aluminum
cylinders rests on the shoulders of the conditicning rings, thus holding the
cyl inders off the lap plate and allowing only the specimens and conditioning
rings to be in contact with it, A felt pad is placed on top of each speci-
men, followed by a 4-pound pressure plate, After lapping one end, the speci-
men is turned over.and the pad and plate again replaced for lapping the
opposite end, The Lapmaster and various lapping accessories are illustrated
in Figures 4,5 and 4,6,
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Prior to lapping, each specimen (except rock salt) was soaked in
water at least 15 minutes to fill up accessible pore spaces, and reduc: the
amount of lapping vehicle that might enter the sample, In genzral, 20 to 30
minutes were required for lapping each end of a specimen for nine of the rock
samples, The quartz-bearing granites and one diabase required 45 to 60 min-
utes, The Berea sandstone specimens were lapped from 60 to 90 minutes on
each end. The softer dolomites, 1imestone, tuff, and one marble required
approximately 5 to 10 minutes lapping time, Because of their friable nature,
the Navajo sandstone specimens could not be lapped,

By use of the above procedures, flatness and parallelism of the test
specimens were maintained predominantly within * 0,0015 inch, After lapping,
the specimen ends were rinsed in beazine solvent, then soaked for 30 minutes
in a water solution containing Tide soap, This procedure, which was followed
by oven-drying at 100°C, for 24 hours, was very effective in removing all
foreign cutting oil, lapping vehicle, and moisture from the test specimens,

L4, LABORATORY TESTS

Following oven-drying, all specimens were allowed to remain open to
the ambient conditions of the laboratory for at least 2 weeks before under-
going any tests. Because of the variety of porosities represented by the
selected rock types, ard the various moisture and pore fluid conditions to
which the specimens were subjected during preparation, the drying procedures
used were considered to be the most desirable for providing a uniform basis
from which to begin the test program,

In recommending that testing of rock be accomplished in the 2-week,
air-dry condition, conclusions reached by Obert et al, (1946) state that
"oven-drying often produces pronounced and sometimes erratic changes in
both the elastic constants and the specific damping capacity - - - - more-
over, this effect is often irreversible,' However, the data from which these
conclusions were drawn indicate that in going from an initial air-dry to
oven-dry condition the following physical property changes were observed:

i) Dynamic E and G decreased by less than 15%,
ii) Uniaxial compressive strength increased, on an average, 6%, °
iii) Shore hardness showed no change for marble, granite and one
sandstone, Another sandstone increased by 20%,

iv) Specific damping capacity (ratio of energy dissipated per
cycle vibration to the total vibrational energy) showed
inconclusive results, There was a two- to three-fold
increase in some cases and a 50% decrease in another,

On the other hand, in going from an initial, air-dry state through various
moisture conditions to the saturated state, the following changes were observed:

i) Dynamic E and G generally increased 19% to 35% for some rocks
and decreased by the same or greater percentage for others,
ii) Compressive strength decreased, on an average, 12%.
iii) Shore hardness decreased 10%,
iv) Specific damping capacity increased three- to ten-fold,
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Coiback and Wiid (1965) present data to show that the moisture con-
tent has a major influence on the compressive strength characteristics of
some rocks, In tests on specimens of quartzitic shale and quartzitic sand-
stone, they found that the compressive strength under saturated conditions
(submerged in water) is on the order of 50% of that under dry conditions
(dried for specified tims over CaCly or P205).

It Is therefore apparent that the potential errors and discrepancies
resulting from 'Met,"variable, and unknecwn moisture conditions are )ikely
to be much greater, and further from the air-dry state (as recommended by
Obert et al,, l9h65, than the potential errors resulting from the initially

oven-dry state as used herein,

a, Unit weight

All specimens were weighed on a Model K-4T Mzttler, precision balance
to the nearest 0.1 gram immediately following oven-drying, and then again
after remaining 2 wecks in the ambient air of the laboratory, The latter
values are reported and are used in all computations, ODuring this period,
the length and diameter were measured, Lengths were measured by means of an
Ames dial comparator to the nearest 0,000]1 inch, The average of five dif-
ferent readings, four at opposite points on the circumference and one on the
center axis of the specimen, was recorded as the correct length, The diam-
eter was taken as the average of three different measurements with a standard
shop caliper, one in the middle and one near either end of the specimen,

b. Shore scleroscoze hardness

The scleroscope hardnzss was determined for all specimens by means of
a Mode) C-2 scleroscope, manufactured by the Shore Instrument & Mfg, Co,,
Jamaica, New York, The Shore scleroscope is a nondestructive, hardness-
measur ing device which indicates relative values of hardness by the height
o€ r~bound of a small [lamonJ-pointed haisner dropped vertically onto the
test surface, from a distance of approximatel, 10 inches, The hammer falls
and rebounds within a close-bore glass tube, Air pressure, supplied by hand
compression of a rubber bulb, operates a catch which releases the hammer,
The bulb is connected by a rubber tube to a cylinder, containing a piston,
at the top of the instrument, The vertical ascent of the hammer after a test
is effected by squeezing the bulb, the hammer again being suspended by the
catch at the top. The height of rebound is read from a scale of 0-140

divisions,

This instrument is illustrated in Figure 4,7, which shows the position
of the specimen for taeking readings along the sides, The scleroscope is sup-
ported on a cantilever, jointed-arm and may be freely moved to any position
over the specimen, The instrument is lowered into contact with the test sur-

face by means of the hand wheel on the left,
Two types of observations were made in this Investigation:

i) Twenty readings, spaced at approximately 0,2 inch were taken
along each of four opposite sides of the specimen, making a
total of 80 side readings per specimen,
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FIGURE 4.7 SHORE SCLEROSCOPE
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ii) Five readings, equally spaced on each of four separate
diameters, were taken on each lapped-end surface of the
specimen, making a total of 40 end readings per specimen,

The Shore hardness is taken to be the average value of the readings obtained
by either method, Both values are reported in the test results, Before a
series of tests on any day, the scleroscope was checked by taking a minimum
of ten readings on a stee! standard, suppliec Ly the manufacturer,

b. S5chmidt hardness

The Schmidt hardness was determined by mears of a Type L Concrete Test
Hammer, designed by E, Schmidt, Basel, Switzerland, This instrument has been
developed for use in estimating the strength of concrete, and is particularly
suitable for concrete already in place within a struciure, Use of the Schmidt
hammer for rock testing, as described herein, is relatively new, although
several authors have recently reported of its application to rock for various
purposes, Roxborough and Whittaker (1964-65) report the use of the Schmidt
hammer for assessing variations in coal hardness along a mine face in rela-
tion to changes in mine-rcof conditions, Knill snd Jones (1965) used the
Schmidt hammer for determining the relative hardness of granite cores, as
noted in Section Two. Also Hucka (19665) suggests the use of the Schmidt
hammer for rapidly determining the strength of rock, in-situ in a coal mine,

The Schmidt hammer is essentially a nondestructive, portable test
device which expends a definite amount of stored energy from a spring, and
indicates the degree of rebound of a hammer mass within the instrument,
following impact, Initial tests were conducted with the Type N hammer,
which has an impact energy of 1,63 ft,-1bs, These tests were unsatisfactory
because all but the strongest specimens broke upon impact, The Type L hammer
has an impact energy of 0,54 ft -lbs., which is only 1/3 that of the Type N
hammer, This was found to be extremely satisfactory as only occasional,
weaker specimens, were broken during impact.

Because of the possibility of cracking, or other damage to the speci-
mens during Schmidt hardness tests, representative specimens from each rock
group were set aside for this test series, These specimens were all initially
subjected to the nondestructive Shore hardness and sonic velocity tests, but
were not used for determining compressive strength and static modulus proper-
ties,

A lengitudinal section of the Schmidt Test Hammer is shown in Figure
4,8, in which the various component parts are indicated by number, Figure
L.9 shows a photograph of the hammer lying alongside the steel '‘cradie,"
which was developed for holding the specimens during testing, The cradle
consists of three main parts:

i) A steel block, weighing approximately 35 lbs,, with a semi-
cylindrical machined slot of the same radius as the rock
specimen,

ii) steel U-clamps for holding the specimen, if desired, and

iii) a flat steel plate, also weighing 35 1bs,, to which the
block may be bolted, for use outside of the laboratory where
a firm base is not available,
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I. Impact plungs

2. Test spocimen

3. Housing

4. Rider with guida rod

5. Scole

6. Pushbutten

7. Haommer guide bar

8. Disk

9. Cop

10. Two-port ring

Il. Reor cover

12. Compression spring —

13. Pawl! 4§t“’*\
4

14, Hammer mass 6—i ¥
15. Retaining spring 194t Wi
16. Impact spring .
17. Guide sfesve

]
18, Felt washer 14
19. Plexigloss window ‘
20. Trip screw 1
21. Lock nut S
22. Pin N

23. Pawl spring

A. Front fixotion of
impact spring

B. Reor end of impact spring
engaged to hammer moss

S,

Note:

(a) Plunger (1) in
impacted position

(b) Impact energy = 0.075 mkg (0.542 ft-Iib)

FIGURE 4.8 LONGITUDINAL SECTION OF THE TYPE L
SCHMIDT TEST HALIMER
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Test chservations are made by placing the specimen in the cradle
(-Vamped or unclovped) end imnocting the hommer 2t verious points along the
topmost side, The hammer is held vertically in Loth hends, and should be at
right angles to the axis, and tangent to the surface of the specimen, The
plunger is placed ezainst the spot to be tested, The hammer iIs impacted by
gradually dcprc"sang the plunger into the housing, After impact, the honmer
mass rchounds by an amount related to the hardness of the rock, This is indi-
cated on the scale by a sliding rider, The rider position gives the rebound
value In percent of the tota! forward movement of the hemmer mass, By simply
removing the hemmer from the spot tested, it s reset for a further test and
at the same tinz the reading is canccllcd

In this investigation, three separate readings were made at equal
spacing along a line on the upper side of each test spec 'men, The specimen
was then rotated 45° and three more readings taken, This procedure was
repeated until a total of 24 readings for each specimcn was obtained, The
average of these readings, for all specimens of any given rock sample, is

Y2 Schmidt hardness, Any obviously erroneous readings (such as improper
holdlng or slipping of the hammer) were disregarded and replaced by readings
in an adjacent spot,

Schmidt hardness readings could not be obtained on core specimens of
the Diemond Crystal rock salt, because they fractured during impact, Instead,
the top of a block sample was marked into l-inch squares and one reading was
taken in each square, The average value of these readings is reported as the
Schmidt hardness for rock salt used in this study, P-eliminary tests on
selected block samples of the other rock types proved this procedure to be
val id, There was found to be no perceptible difference in Schmidt hardness
values from block samples or from NX-size core, as long as the core or block
remained intact, The problem of fracturing cores during impact was also
encountered to a lesser degree in the Navajo sandstone, particularly in the
more friable specimens and those containing bedding planes, In this case,
additional core specimens were tested,

d. Abrasion hardness

A special device was developed to measure the abrasion resistance
qualities of the various rock types studied in this investigation, This
device was design2d to be a mechanized, self-cleaning, 'scratch' hardness
tester, An attempt was made to provide some degree of control over the
variables of force, abrasive, and time, while making this test, and to average
out the various mineral hardnesses encountered within any particular rock

specimen,

Two views of the abrasion apparatus are shown in Figure 4,10, As
can be seen in these photographs, the steel cradle block utilized in the
Shore and Schmidt hardness tests was used as a base for the apparatus, which
is primarily constructed of aluminum, A 6-inch long, adjustable rod is
mounted in a square pivot-block which is free to rotate on two pin-button
bearings. The bearings are mounted in a U-shaped yoke which is screwed to
the base plate, A steel axle-shaft is mounted horizontally in teflon bear-
ings, at r:ght angles to the outer end of the adjustable rod, At one end of
the axle is a 7/8-inch diameter abrasion wheel, and at the other end is a

pulley of the same diameter,
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The ebrasion ¢pporatus Is powered by @ 1/10-horsepowar, 115-volt A.C,,
Foredom electric-nstor, It has a spced rango up to 16,000 rpm, which is con-
trollcd by & foot riicostat, Power Is supplicd to the gpparatus through two,
1/8-inch O-ring beits, In order to malntain fixcd tension in the drive-belt
system during cutting, two pulleys aro mounted at the rotaticnal axis of the
pivot-block, nocessitating tha two-belt system, Normal force epplied by the
cutting whcal is voried by moons of the extension arm end shot bucket mounted
on thc pivot-block, A Vsodor counter is installced adjacent to the cutting
wheel, In order to niosure the nucbor of revolutions of the wheel during o
test,

Each test was performad by clerping a specimen in the cradle block
and mounting @ new, thin, double-cutting, dental carborundum disc on the
device, ihe disc rcsts directly upon the specimen surface, colinear with the
radius end in & line paralleling the axis of the specimen, A short weight of
55 grams was used with an extension arm length of 4 inches and a distance of
3 inches between the cutter-axle and the pivot-point, The Instrument was
suppl ied with full power for a timed period of 3 seconds, HNo attempt was made
to allow for frictional starting resistance, or inertia, at the end of the
timed perlod, These two unknowns were assumed to balance out, Tests made at
S5-second and 10-second periods proved this assumption to be reasonably correct,
as no significant differences were noted in the abrasion resistances, when
compared with the 3-second interval, The counter provided a means for quanti-
tatively checking the relative amount of slippage in the belt-drive system
during a test, and indicating the validity for comparison with the other test
data,

In general, one test was performed on each of four opposite sides of
a single test speciman from each group. A new carbtorundum disc was used for
each test, The depth of each cut was measured with the Ames dial comparator,
using a specially-built foot which was the exact size of the carborundum
abrasion disc, Areas of the circle segments thus cut were computed and aver-
aged to obtain a relative, abrasion-resistance number, Since the softer rocks
had deeper cuts (thus higher numbers), the abrasion hardness is reported as
the reciprocal of the computed area cut, Abrasion hardness values were not
obtained for the Berea (10.1) or Navajo (10.3) sandstones, because their
coarser grains blocked and clogged the cutting wheel, thus stopping the test,

e, Absorption

The absorption (or porosity) characteristics were obtained for one
representative specimen from each rock type by using a vacuum-saturation
process, similar to that suggested by the U,S, Bureau of Reclamation (1953).
‘This process consists of:

i) oven-drying tie specimen for a period of 24 hours at 105°C,,
i1) placing the specimen in a bell jar under a vacuum exceeding
20 inches of mercury for 4 hours,
111) Immarsing the specimen In water while continuing with vacuum
for enother 24 hours,
iv) removing thes vacuum and exposing the water containing the
immersed specimen to the atmosphere for at least &3 hours,




This proccdure eliminctos eir from ths rock pores, end ¢n-a'rs tho water;
etmospheric pressure tion drives water into the rock, thus essuring setura-
tion, Upon completion of the §-doy cycle, the spoclnsa is renoved from the
water, surface dricd, ond then weichzd to the noarast 0,1 gram, The ebsorp=
tion Is computed by tho following equz

(L.1)

Absorption () =
t of saturated cpocinon
t of oven-dry spocimen

Absorption was not detcrmined for Baraboo quartzite (8,1) and Dicmond Crystal
rock salt (9.1).

f. Sonic pulse velocity measurernts (at seating lond)

Standard pulse techniques were used for thc determirnation of the
sonic velocity for all rock specimens while subjected to 2 low, axial stress
(seating load{ of 100~150 psi, This technique involves the generation of a
short-duration stress pulse of low amplitude at one end of @ specimzn, and
accurately measuring the time taken for the arrival of the first recogniza-
ble energy-pulse at the opposite end, The velocity, V., which is the velocity
of dilatational waves in an unbounded medium, or the bli1k ccmpress ional
velocity, is then computed by simply dividing the length of the specimen by
the mecasured travel time,

The schematic diagram in Figure 4,11 illustrates the interconnection
between the major componcnts used for 2pplying a pulse end mzasuring its
travel time through & rock spccimen, subjected to @ uniaxia!r static load,
The two stainless-steel transducer cups, referred to as the ‘receiver' and
"transmitter,' are identical in construction and are, thercfore, interchangs-
able, Each of the transducers contains a 1/8-inch thick, barium titanate
crystel, which has a natural frequency of 200-300 kc/s, The crystal is
cemented directly to the interior face of the transducer cup, Coupling with
the test specimen is greatly improved with a thin coating of Dow-Corning
high-vacuum arease, smeared between the face of the transducers end each end

of the specimen,

A short-duration, high voltage (1,000 volts maximum) pulse is applied
to the transmitting crystal from a high-gain, high-pass signal amplifier,
This pulse generator causes the crystal to expand and contract repidly, thus
imparting stress pulses to one end of the sample, In this way, Intermittent
trains of ultrasonic waves are propagated through the rock specimen, the
arrival of the pulses at the opposite end of the specimen, causes mzchanical
contraction of the receiver crystal, generating a voltage across the crystal
faces, The induced electrical signals are amplified and displayed on the
cathode-ray tube of a Tektronix Type 535A Oscilloscope, equipped with & Type
B Plug-In Unit,

The oscilloscope display is formed by a repetitive sweep of the input
wave~form across the oscilloscope screen, In order to exanine the character-
Istics of the wave-form in detail, it is necessary for ths repoatitive wave-
form to appear stationary on the screen, This type of display requires that
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the start of the swoep boor a definite, fixed-time relaticnship (hence,
synchronized) with thz ¢zpsarence of the input wave-form, Thls is
azcomplished in the oscilloscope by triggering (starting) the sweep with
the displayed wave-feria,

The calibratcd svecps of the Type 535A Oscilloscope cruse any hori-
zontal distance on the scrocon to represcent @ definite, known interval of time,
Bzcause of this featurc, the time lc”f' betuecen tun events displayed on the
screen, i,e,, the beginning and the '"Tirst arrivol' of a sonic pulse at the
opposite end of & spocinan, may be accurately moasured,  Twe mothods ere
used for time mcasurum;nt:

1) Using the graticule on the screen, the horizontal distance
between the two displayed events is measured directly, The
distance mecasured in centimsters is multiplied by the
appropriate time/centimcter control setting (which determines
the horizontal spread of the displeyed wave-form), Photo-
graphs of typical records obtained in this way are shown in
Figure 4,12, The first arrival of the dilatational wave
occurs at the first break (bend) in the horizontal! portion
of the displayed wave-form, Since we are lInterested in the
first arrival only, the entire wave-form is not displayed,

ii) Use of the delayed sweep feature of the oscilloscope provides
a very high degree of accu acy, The delay-time multiplier
control is rotated until the leading edge of the tracking
pulse just merges with the first break in the horizontal line
of the wave-form, The reading from the delay time control is
then multiplied by the timz/centimeter control setting,

Although both methods are used sumu!taneoufly as a choeck, each on the
other, all time measurements were made in this investigation by the second
method This method el iminates parallax errors, and those resulting from
visual determination of the location of the beginning of the sonic pulse,
which are inherent in the first method {(using the graticule only), Correc-
tion for nnstrument delay time must be made by subtracting this predetermined

Yeonstant' from the time readings obtained by either of the above procedures,

A uniaxial seating load is applied during this test by placing the
core specimen, along with the transducer cups, between the loading heads of
a hydraulic load press, The seating load is applied only to obtain better
coupl ing of the transducers to the specimen, Load is measured with a stand-
ard steel-column, SR-4 type, Baldwin load cell, The strain indicator is set
to a predetermuned value of load, computed from the load-strain calibration
of the load cell, A hydraulic hand pump is used to maintain the desired load,

g. Sonic pulse velocity and static stressestrain measuremonts (durina
cyclic loadina)

Approximately half of the test specimens were indivicually subjected
to simultaneous measurcments of sonic pulse velocity, Poicson's ratio, and
modulus of elasticity, at various axial stress levels during cyclic loadung
under static conditions, Sonic pulse techniques as previously described were
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exployed for mcasurcmznt of the dilatationz] wave velocities, Aznlication
and measurcmant of uniaxial leads were accocoplishad by the procedures dise
cussed in the precediag paragreph, Vertical and lateral strain moasurcments
were cbtained by use of resistance strain gagss bondod directly to the speci-
men, Equipment for performing this test series is illustrated in Figure 4,13,

A specimen which hos an L/D ratio of 2:1 may be considered to be
under almost uniform vertical strcss under the middle 5/6 of its height,
during compression testing (Fairhurst, 1251b),  In this test serics, two
Baldwin 8f-h, Type A-1 stroin gages, having a gage length of 13716 inch are
placed vertically on opposite sides at mid-height of the specimen, These are
wired in serice for vertical strain measurcments, A second set of two gages
are placed horizontally at mid-height on the opposite diameter to the vertical
set, and are also wired in series for lateral strain measurements,

All four strain gages are securely bonded to the specimen Ly means of
Eastman 910 cement, which is pressure-sensitive and sets up in epproximately
30 seconds, This is a cyanoacrylate adhesive, which is manufactured by the
Tennessee Eastman Company of Kingsport, Tennessee, a division of Eastman Kodak
Company, The combination of rapid setting action, high bond strenctn, and
ability to bond to dissimilar materials, all at ambient temperatures, make
this cement an excellent bonding agent for this purpose, There is an extreme
reactivity associated with cyanoacrylate, and any water, or water vapor is
sufficiently basic to cause deterioration of the adhesive over a poriod of
time (McCarthy, 1964),

The surface of the specimen is first cleaned with acetone, and the
back of the gage is coated with a special catalyst, Following epplication of
the cement to the specimen, the gage is mounted and moderate thumb prossure
is applied through a sponge rubber pad, which is prevented from sticking by
means of a small sheet of teflon, The gage is finally coated with & plastiz
water-proofing (in an organic solvent) to keecp out moisture, Both the water-
proofing and catalyst accelerator are produced by the Budd Company, for use
in conjunction with the Eastman 910 cement for strain gage application,

A close-up view of the specimen, strain gages, sonic pulse trans-
ducers, and load cell within the hydraulic loading frame is shown in Figure
L, 14, Measurement of strain in both sets of strain gages is accomplished
with one SR-U4 strain indicator, by means of a single-pole, double~throw
switch, Strain read-out is illustrated by the photograph in Figure 4,15,

In this investigation, each specimen was subjected to two complete
loading and unloading cycles up to 5,000 psi, except rock salt (9.1) and
tuff (14,1), Because of their low strengths, these two latter groups were
cycled to 1,500 psi only, Loading proceeded at a uniform rate by smooth,
steady strokes of the hydraulic hand pump, Loading was stcpped and maintained
at constant values while sonic velocity and strain readings were made, These
readings were obtained at zero axial stress and every 1,000-psi stress inter-
val for both loading and unloading, following an initial seating load of
100-150 psi, Readings were taken at stress intervals of 250 psi for the
rock salt and tuff samples, Efficient performance of these tests require the
combined efforts of two operators, By use of the procedures described above,
approximately 1 hour Is required for performance of one complete test through
two loading cycles,
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he Comprosslion frats to follyro

Al specinons which hoed been tostod under cyelic londing condltions,
described shove, wore also tested In static cermpression to failure, A 300-kip,
universal, Richle hydraulic testing machine was used for leoding the specimons,

’ v

This mochine has six load ranges, The lowsst rangs was uscd for bolancing tha
machine end the ranges were progressively lIncrezszed, as the spoclson gpprosched
fatlure, in order to insure moximum cceuracy in the exiel l¢nd monsurcmonts,

, ¢ . » .
A photogroph of the static cerpressioa test nachine Is shova in Figure b16,

Vertical and latersl stroin moosurcnonts were chtainsd by mzons of the
SR-lt resistence strain giges proviously uscd in the cyelic loading tests,
However, iIn order to ma.ntain a continucus rate of load application, strain
read-out was facilitated by two strain indicators, one for each set of gages,
rather than by using the much slower, switching proccdure as in the cyclic
load tests, |In order to provide @ mcans for checking the vertical resistance
strain gage readings, one dial indicator wos placed bztwaen the ioading platens
of the compression machine, as close as possible to the test spocimzn, A close-
up view of the speciman as instrumented cnd positioned in the test machine is
shown in Figure 4,17,

All compression tests were conducted on uncepped specinans, as recom-
mended by Obert et al, (1946), Care wos excrcised in centering the specimens
in the testing machine and zero-lcad, strain readings were taken frem the
strain indicators, An initial load of 160-150 psi was than applicd very
slowly to permit adjustmant of the sphorical ccmpression block, After appli-
cation of the 'seating' lvad, initial rcadings were taken cn the machanical
dial indicator, which wos graduated to 0,0001 inch per division, Loading
procecded continucusly to failure, with all strain rcadings obtained sinul-
taneously at predetermined lozd intervals based upon thez estimnted compressive
strength of the specinen, Since Yoading wis manually controlled, rate of
loading was not the samz for all rock types, 1In general, the averags loading
rate was 10 to 25 psi/sec for the low to medium strength specimens, 35 to 50
psi/sec for the medium to high strength specimens, and 60 to'70 psi/sec for
the very high strength specimens, Essentially constant loading rates were
maintained for specimens from any one particular sample, Typical compressive
failures are shown in the photographs of Figure 4,18,

The compression tests constituted the third loading cycle for those
specimens previously subjected to the cyclic loading tests, Selected addi-
tional specimens from each rock group were tested in compression to failure
without strain readings. These were conducted at the same rates of loading
as those specimens with strain measurements, Ultimate compressive strengths
were computed by dividing the maximum load at failure by the average initial
cross-sectional area of the specimen,

i, Point-load tencile tests

Measurement of point-load tensile strengths of representative speci-
mens from each rock group was accomplished by methods described by Reichmuth
(1963), and D'Andrea, Fischer, and Fogelson (1964), The point-load tensile
strength is determined by applying compressive point-loads to the curved sur-
face of a cylindrical core specimen, of which the axis is placed horizontally;
the specimen is tested between the loading heads of a load press, The point
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loads are obtaincd by moens of swall-dicivtor, hardincd steal rollers
oriented at right cngles to the oxis of the spvcin n,  Thls produces Internol
tensile stressos porpendicular to the loading exis, & schomatie drowing In
Figure 4,19 illustrates the goncral goometry of thIJ test, Figurcs B,23 end
4,21 are photogrizhs of the actual enp saratus uszd,

[

Test spccimens for this scries ware identical In all respocts with
those used in othor tests, Thoy wore snlac;cﬁ frem ail groups propored Initi
elly for this invostigation, Honco, nondostrective test dota had boon obtaln
for ezch spocinun, .»ucial loading houds, equippod with 3/0-inch di :
hardencd stecl ru‘E*r, were fobricoted and installcd dircctly on the lox d c@!l ,
and hydraulic-jack piston of the lozd press, Tie Baldwin load cell was raiscd
an additicnal thrce inches with flat, steel bearing blocks, This reduced the 3
amount of jack extecnsion to a minimum, effectively providing maxinum lateral ,
support for the jack piston,

A Speed-0-[lax, Type G, strip recorder was uscd for determining the
max imum failure load, The recorder was adjusted for full-scale readings of
500, 1,000, and 2,000 micro-inches/inch {dzpending upon the estimated strength
of the specumbn) by means of a BLH Strain Indicator., Since the load-cell
calibration was known to be 9.6 1bs/p-in/in, the total load could be accurately
computed by multiplying the proportion of the full-scale reading rcached at
feilure by 9.6,

Each spccimen was loaded mid-way betwecen the ends; the load was
epplied by smooth, even strokes with the hydraulic hand pump, The point load
tensile strength T, was computed from the following empiricar expression
given by Re i chmuth (1903)

E
T = 0,66 o7 (4.2)
in which F = total failure load in pounds
D = core diamater in inches

Two tests in this series were conducted from each of 19 rock groups, One test
was conducted for each of the other nine groups.

5. JEST RESULTS

The physical and elastic properties for 28 different rock samples
studied in this investigation are summarized in Tables 4,2 and 4,3, Division
of the data into two separate tables is primarily for convenience in presenta-
tion, because of the large number and kinds of variables involved, Both
tables though slightly different in organization, present the same type of
informatlon for each variable:

i) the average value of each variable,
11) the number of tests from which the average was obt:ined, and
i11) the coefficient of variation, V%, for the variable,

All raw test data were put on standard keypunch card: and reduced by means of
an IB4 7034 computer, Individual test results for _acii specimen were subjected
to statistical analyses, as described in Appendix C, In order to obtain aver-
age values and dispersion characteristics for each property of each rock group,
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FIGURE 4.20 POINT-LOAD TENTILE TEST EQUIPLIZNT
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FOR POINT-LOAD TENSILE TEST
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